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Abstract 
The marshland upwelling system (MUS) is an alternative onsite wastewater system that 
was developed to treat domestic wastewater derived from coastal communities.  Previous studies 
have researched the systems ability to treat fecal coliforms and nitrogen.  The objectives of this 
research were to (1) assess the treatment efficiency of the MUS for removing both total 
phosphorus and orthophosphate, (2) provide preliminary design and operational guidelines for 
phosphorus removal, and (3) develop a parameter to project longevity of the MUS for treating 
phosphorus. 
 Performance efficiency was compared for a system which operated for 23 months located 
in Bayou Segnette State Park and that of a system which operated for 12 months in Moss Point, 
Mississippi.  These two systems offered an investigation of MUS performance under low (Bayou 
Segnette MUS) and high (Moss Point MUS) background salinity conditions.  An injection 
flowrate of 1.9 L/min at an injection frequency of 30 min/hr was used during the final study of 
the Bayou Segnette MUS.  Total phosphorus surface concentrations were estimated to be 0.67 
mg-P/L at the conclusion of this study.  Research of the Moss Point system concluded with a flow 
regime of 2.8 L/min with an injection frequency of 15 min/hr.  At the conclusion of this study, the 
predicted surface concentration for total phosphorus was 0.87 mg-P/L.   
 Batch adsorption laboratory studies were conducted to develop isotherm coefficients for 
each of the subsurface soils found in these two systems.  These studies were also conducted to 
investigate the impact which salinity would have on phosphate adsorption within the MUS.  
Freundlich coefficients ranged from 15.2 to 92.8 mg P/kg soil and were shown to be dependent 
on soil and salinity of the sample.  Phosphate adsorption was shown to be slightly enhanced with 
and increase in salinity.  However, the capacity of phosphate adsorption seemed to mostly 
dependent on the amount of Al, Ca and Fe contained within the soil of the MUS. 
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 Chapter 1:  Global Introduction 
1.1 Introduction 
An imbalance in the nutrient budget has led to diminishing water quality in many coastal 
waters.  A large portion of this imbalance is due to improperly functioning onsite wastewater 
systems within these regions.  Conventional onsite wastewater systems, such as septic systems, 
rely on the ability of soil to absorb applied wastewater.  In coastal regions, however, these types 
of systems will not function properly due to high water tables.  Consequently, this results in 
virtually untreated sewage being discharged to receiving waters.  Population trends show this to 
be a growing problem.  Coastal counties only comprise 17% of the land area for the United 
States; however, over half of the United States population resides in these areas (NOAA, 1998).  
This trend is expected to increase, with a predicted 20% population increase along the United 
States coastline from 2000 to 2010 (NOAA, 1998).  Unless alternatives to the traditional onsite 
wastewater treatment systems are instituted, this source of nutrient input to coastal waters will 
only grow as coastal populations continue to increase. 
Nitrogen and phosphorus are typically the nutrients of concern in terms of water quality.  
In proper proportions, these two nutrients are essential for the natural eutrophication process by 
which an aquatic ecosystem will age and generally become more productive.  However, this 
natural process is accelerated by sources such as malfunctioning septic systems, which may 
provide an excessive input of nutrients.  An increase in nutrients beyond a system’s assimilative 
capacity can become detrimental to that system by leading to hypereutrophication.  As noted 
within the “National Water Quality Inventory: 1996 Report to Congress” nutrients have been 
found to be the leading cause of impairment to coastal waters (USEPA, 1998a).  Nitrogen and 
phosphorus act as any common fertilizer in an aquatic ecosystem, and when stressed by excessive 
amounts of these two components the common occurrence is the overgrowth of plants and aquatic 
phytoplankton.  Subsequently, during periods of plant die off, microbial oxygen demand can 
result in anoxic/anaerobic conditions.  
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Only recently has the detrimental effects of nutrients on waterways been addressed by the 
USEPA.  In 1998, President Clinton announced the “Clean Water Action Plan” that would lay the 
foundation for the development of nutrient criteria (USEPA, 1998b).  Addressed in the “Clean 
Water Action Plan” was the hypoxic zone in the Gulf of Mexico and the harmful outbreaks of 
Pfisteria in several Gulf and Mid-Atlantic states.  According to the Woods Hole Oceanographic 
Institute, the economic impact of Harmful Algal Blooms (HABs) is $49 million annually with the 
largest portions of this on the fishing industry and the resulting public health effects of HABs at 
$19 million and $22 million, respectively (Anderson et al., 2000).  Consequently, on this basis, 
the USEPA has published guides for states and tribes to develop and adopt numerical nutrient 
criteria (USEPA, 1998c; Grubbs, 2001).  In all, on a national scale, the impact of nutrient 
pollution has impacted the environmental and economic well being of the United States. 
Nutrient pollution has impacted the valuable fisheries resource in the southern portion of 
Louisiana.  The coastal region of the state is occupied by 19,829 km2 of fresh and tidal wetlands, 
and estuaries (LDEQ, 2004).  Within the United States, approximately 75% of all commercially 
important fish reside in estuaries (Coastal America, 1998).  A total of 12,828 km2 are classified as 
fish and wildlife propagation with 11,054 km2 being classified for oyster propagation (LDEQ, 
2004).  However in the 2004 305(b), report an assessment of 52 estuaries revealed that 35% of 
the total estuaries were not well suited and sufficiently healthy systems for fish and wildlife 
propagation (LDEQ, 2004).  This report further noted nitrogen and phosphorus as responsible for 
the impairment of 769 km2 of estuaries (LDEQ, 2004).  Oyster propagation experienced a 46% 
harvest reduction in Louisiana estuaries (NOAA, 1997).  These impacts can be largely attributed 
to coastal camps in these regions of Louisiana, which often have faulty or inadequate onsite 
wastewater systems. 
Environmental engineers from Louisiana State University have developed an alternative 
onsite wastewater treatment system for coastal regions termed as Marshland Upwelling System 
(MUS).  The MUS makes use of the natural physical, biological, and chemical removal processes 
 3 
that wetlands provide for the removal of organic matter, fecal pathogens, and nutrients from 
injected wastewater.  Soil within the MUS acts as filter media supporting these processes within 
the system.  The theoretical approach behind the MUS is that these treatment processes will occur 
as buoyant forces lift less dense wastewater, which has been injected into the soil subsurface, 
upward through the denser indigenous saline zone.    Hence, applicability of the MUS is ideal in 
coastal regions which often have saturated saline soils and are often locations of septic system 
failure. 
Understanding both the engineering approach behind a successful MUS and the theory 
behind wetland treatment processes can be rather complex to a non-technical person.  However, 
the intent of the engineering construction for the MUS is to keep it simple.  The MUS is 
composed of the following components: a collection and distribution tank, pump, timer, pressure 
gauge, injection well and soil media.  Initially, wastewater from a dwelling flows into the 
collection and distribution tank, which acts as an equalization basin allowing wastewater to be 
stored prior to a timed intermittent injection.  Using a specified flow rate, the pump injects 
wastewater down the injection well.  Depth of the injection well thus far has varied from system 
to system.  A programmed timer activates and deactivates the pump alternating between an 
injection stage and a resting stage.  The resting stage reduces the pressure buildup at the point of 
injection, preventing channelization in the system. 
1.2 Previous Work 
Installation of the MUS was originally undertaken at the Louisiana Universities Marine 
Consortium (LUMCON) laboratory in Port Fourchon, Louisiana and would become the first of 
three field sites to study the MUS technology.  Two separate studies on the efficiency of 
removing fecal coliforms and Escherichia coli (E. coli) were performed on the LUMCON 
system.  Initially, the MUS served as a polishing unit for the LUMCON laboratory by treating 
wastewater taken from the secondary clarifier of the extended aeration system (Stremlau, 1994).  
Subsequent theses refer to the initial study as the secondarily-treated wastewater study.  A follow-
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up study at the LUMCON laboratory directed wastewater directly from the holding tank (Watson 
Jr. and Rusch, 2002; 2001; Watson Jr., 2000).   
Research on fecal pathogen removal using the MUS continued at a research site in Moss 
Point, Mississippi (Richardson and Rusch, 2005).  However, the Moss Point site was unique in 
that it expanded the research by building a database for nutrients and CBOD5.  Nutrient 
parameters analyzed during operation of the Moss Point site included total phosphorus (TP), 
orthophosphate (OP-P), total ammonia-nitrogen (TAN), total Kjeldahl nitrogen (TKN), nitrate 
(NO3-N) and nitrite (NO2-N).  An extensive review of the efficiency for the removal of nitrogen 
using the MUS at the Moss Point site was presented by Fontenot (2003).  This review included an 
evaluation of CBOD5 and phosphorus removal capabilities but was only extended to include a 
synthetic wastewater study (Fontenot, 2003).  Currently, research is ongoing at the Bayou 
Segnette State Park field site.  Thus far, the MUS has proven efficient at removing fecal coliforms 
and E. coli (Addo, 2004).  
1.2.1 Port Fourchon 
Wastewater was injected at a depth of 3.8 m for both the secondarily treated and primary 
wastewater studies at the Port Fourchon research site.  Using this constant injection depth, the 
injection flowrates and injection frequencies varied throughout each study.  A set of three 
injection wells were installed at this site in which injection well no. 2 was used as the primary 
injection well.  Injection wells no. 1 and no. 3 served as backup in case of any clogging issues.  
Eighteen sets of monitoring wells surrounded the three injection wells with each set containing 
wells at depths of 1.5, 3.0 and 4.6 m.  Figure 1.1 illustrates the layout of the MUS at the Port 
Fourchon research site. 
The secondarily-treated wastewater study was conducted over a six month period 
beginning in February 1994.  Over the course of the study, flowrates of 22.0 L/min and 1.9 L/min 
were incorporated into the injection scheme.  Using the 22.0 L/min flowrate, the mean fecal 
coliform count of 1,582 FC/100 mL was reduced to 2 FC/100 mL within the 1.5 m monitoring 
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Figure 1.1:   Basic layout illustrating the arrangement of the 1.5, 3.0, and 4.6 m monitoring wells 
(Ο) surrounding the three injection wells () at the Port Fourchon MUS 
(Richarson, 2002). 
wells.  An even lower fecal coliform count of nearly 0 FC/100 mL was observed in the 1.5 m 
wells while injecting at 1.9 L/min.   
The primary wastewater study began in December 1998 and continued through February 
2000.  Injection flows of 0.9, 1.9 and 3.9 L/min were used during this study with the system 
appearing to be optimized using the 1.9 L/min flowrate.  Mean influent concentrations of fecal 
coliforms and E. coli were 930,400 FC/100 mL and 352,400 E. coli/100 mL, respectively.  
Concentrations within the 1.5 m wells were reduced from the influent concentrations down to 4.7 
FC/100 ml for fecal coliforms and 3.0 E. coli/100 mL for E. coli.  Significant reductions were 
observed for all injection flowrates (Table 1.1). 
Table 1.1:  Result summary for the Port Fourchon primary wastewater study (Watson 
Jr., 2000) 
  Fecal Coliforms, FC/100 mL  E. coli, E. coli/100 mL 
*Flowrate, L/min Date Influent 1.5 m Wells  Influent 1.5 m Wells 
0.9 12/98-4/99 326,700 5.3  154,100 1.1 
1.9 7/99-2/00 930,400 4.7  352,500 2.4 
3.8 4/99-7/99 559,200 7.3  155,100 2.6 
*each flowrate corresponded to an injection frequency of 30 minutes every 3 hours 
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1.2.2 Moss Point 
Operation of the Moss Point site began in June of 2001 and continued through June 2002.  
Research at this site used a single injection depth of 3.8 m while flow regimes and injection 
frequencies varied throughout the course of the entire study.  An injection frequency of 30 
minutes every three hours was used for a majority of the study with varying flowrates of 1.9, 2.8 
and 5.5 L/min.  The study concluded with an injection frequency of 15 minutes every hour using 
a flowrate of 2.8 L/min.   
Effective fecal coliform removal was observed using the 2.8 L/min flowrate with an 
injection frequency of 30 min/3 hr.  Using this injection scheme, a mean influent concentration of 
62,000 FC/100 mL was reduced to 2.7 FC/100 mL (Table 1.2).  Likewise, the 2.8 L/min flow 
with a 30 min/3 hr injection frequency seemed to optimize nitrogen removal capabilities of the 
MUS.  The influent TKN of 120 mg/L-N and TAN of 110 mg/L-N were reduced to 3 mg/L-N 
and 1.5 mg/L-N, respectively (Table 1.2).  System failure occurred with the 5.5 L/min injection 
flowrate and caused channelization of the system.  The system flowrate was reduced to 2.8 L/min 
and the system did not seem to channelize at the reduced flowrates.  
The artificial wastewater study evaluated the performance of the MUS under high 
hydraulic loadings and cold temperatures.  This study became the first to evaluate the removal 
efficiencies of CBOD5, TP, and OP-P using the MUS.  Observed within the 1.5 m wells, during 
this study, was a mean CBOD5 concentration of 19 mg/L, which had diminished from the mean 
Table 1.2: Result summary for fecal coliforms and nitrogen removal capabilities at the Moss 
Point MUS 
 
 
4Fecal Coliforms,  
FC/100 mL 
 
5TKN,  
mg/L-N 
 
5TAN,  
mg/L-N 
Flowrate, L/min Influent 1.5 m Wells  Influent 1.5 m Wells  Influent 1.5 m Wells 
11.9 1,860,000 37  45 2.4  34 2.2 
12.8 62,000 2.7  169 2.3  139 1.2 
22.8 12,900 1.0  192 1.8  155 2.3 
32.8 - -  120 3.0  110 1.5 
1corresponds to an injection frequency of 30 min/3 hr 
2corresponds to an injection frequency of 15 min/3 hr 
3artificial wastewater study 
4Richardson, 2002 
5Fontenot, 2003 
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influent concentration of 227 mg/L.  The artificial wastewater study produced a TP influent 
concentration of 14 mg/L-P and 7.2 mg/L-P for OP-P.  Respectively, TP and OP-P reductions 
were noted at 0.3 and 0.7 mg/L within the 1.5 m wells.   
1.2.3 Bayou Segnette 
Operation of the Bayou Segnette MUS began in November 2002, and research is currently 
ongoing.  Thus far, significant fecal coliform reductions have been achieved at this site using a 15 
min/hr injection frequency combined with both a 0.9 and 1.9 L/min injection flowrate.  The 
higher flowrate study of 1.9 L/min seemed to optimize fecal coliform reduction by reducing the 
mean influent concentration of 489,614 MPN/100 mL to a concentration of 7.6 MPN/100 mL 
within the 2.7 m wells (Addo, 2004).  A mean influent concentration of 92,510 MPN/100 mL was 
observed during the 0.9 L/min study and achieved a reduction down to 4.0 MPN/100 mL within 
the 2.7 m wells (Addo, 2004).  In addition to the fecal coliform data analysis, this site will 
eventually provide evaluations of the removal efficiencies for CBOD5, TKN, TAN, NO2-N, NO3-
N.  This thesis will investigate the removal efficiencies of TP and OP-P. 
1.3 Phosphorus Dynamics 
Phosphorus and nitrogen are both essential nutrients for natural eutrophication within a 
wetland ecosystem.  Coastal wetlands, including salt marshes, are often nitrogen limited.  Algal 
blooms and fish kills are both effects associated with increased nitrogen concentrations.  
However, phosphorus can encourage growth of bacteria, and thus emulate conditions of algal 
blooms.  Studies have shown that coastal water over-enriched with phosphorus will create a 
surplus of bacteria thus depleting oxygen levels with the increased consumption of carbon 
(Sundareshwar, 2003).  Still, overloading of phosphorus beyond the assimilative capacity can 
lead to hypereutrophic conditions, which are detrimental to an ecosystem.  A common pollution 
rich source of phosphorus in wetlands is domestic wastewater with average values between 4 and 
12 mg/L of total phosphorus (Metcalf & Eddy, 2003).  Knowledge of phosphorus dynamics must 
be understood before implementing effective nutrient management. 
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Phosphorus entering wetlands can be either organic or inorganic in form.  Forms of 
phosphorus are classified as orthophosphate, polyphosphate or organic phosphate, all of which 
may be found in the dissolved or particulate state.  The dissolved form of orthophosphate is 
potentially the most readily mobile within an aquatic ecosystem.  This mobility and 
bioavailability of orthophosphate allows phosphorus to be the most utilized form of phosphorus 
within a wetland.  For this reason, orthophosphate removal efficiency will be critical for 
achieving MUS success.  The simple pH dependent forms of orthophosphate in solution are as 
follows: 
 
−+ +⇔ 4243 POHHPOH  (1-1) 
 
−+− +⇔ 2442 HPOHPOH  (1-2) 
 
−+− +⇔ 34
2
4 POHHPO  (1-3) 
Even though the processes in which phosphorus enters a wetland are simple, the removal 
processes can become rather complex.  Synergistic effects, in regard to phosphorus removal and 
storage, can be caused by only a slight change in one parameter.  This stated, each wetland 
system would handle phosphorus intrusion differently.  These processes can include plant uptake, 
simple diffusion, litterfall, sedimentation, decomposition, burial and peat accretion, and sorption 
processes whether adsorption or precipitation (Figure 1.2). 
 Unlike nitrogen, phosphorus does not have a permanent removal mechanism from a 
wetland other than diffusion into overlaying water and transport with this water.    Therefore, the 
ability for a wetland to store phosphorus is vital.  Phosphorus accumulation in plant biomass is a 
storage mechanism, however, when compared to a wetland subsurface it is responsible for only a 
small percentage of storage.  Even then, harvesting of only the above-ground portion may be 
ineffective with much of the phosphorus being stored in the roots and rhizomes (Mitsch and 
Gosselink, 1986; Kadlec and Knight, 1996).  Microorganisms including algae are efficient at 
removing phosphorus, however, as with plants the phosphorus is released back into the 
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Figure 1.2: Summary diagram of the processes that take place within a wetland system (adapted 
from DeBusk, 1999). 
Inorganic P 
(orthophosphate) 
Organic P  
(dissolved, particulate) 
Fe, Al 
or Ca 
Long-term storage 
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Short-term 
soil storage 
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Long-term 
soil storage 
(peat) 
Ortho-P 
Inorganic P 
(orthophosphate) 
Organic P  
(dissolved, particulate) 
Ortho-P 
Plant Uptake 
Plant Storage 
Detritus 
environment after cell death.  Hence, the storage capacity of a wetland subsurface is the primary 
storage component in a wetland system.   
Even though, there are several removal processes in a wetland subsurface, adsorption and 
precipitation are primarily responsible for the removal of phosphorus.   Adsorption is a surface 
phenomenon that can be classified as either physical, chemical or exchange adsorption.  In regard 
to chemical and physical adsorption, chemical adsorption is considered a binding mechanism 
stronger with soil than that of physical adsorption (Ryden and Syers, 1977a; b).  The 
effectiveness of each classification is highly dependent on surface area of the adsorbate.  In 
hydric soils, found in wetlands, inorganic forms of phosphorus can be found in the form of 
aluminum and iron phosphates or calcium phosphate.  This is true for non-wetland soils as well.  
The form is highly dependent on pH.  In general, alkaline soils will produce calcium precipitates 
and conversely in acidic soils phosphorus will precipitate with iron or aluminum (Reddy and 
D’Angelo, 1994).  Overall, several chemical, physical and biogeochemical characteristics of a 
wetland will determine the efficiency for treating phosphorus. 
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1.4 Research Objectives 
This research had three primary objectives focusing on the ability of the MUS to remove 
phosphorus.  The objectives were to: 
1. assess the treatment efficiency of  the MUS for removing both total phosphorus and 
orthophosphate  
2. provide preliminary design and operational guidelines for phosphorus removal 
3. develop a parameter to project longevity of the MUS for treating phosphorus. 
Liebigs Law of the Minimum states that the nutrient present in the lowest concentration 
required for any given organism will dictate the total yield of that organism.  More simply put, 
phosphorus is not the sole nutrient responsible for hypereutrophiction of a water ecosystem.  
Nitrogen and phosphorus are the main nutrients of concern when discussing the implications of 
nutrients from wastewater harming an ecosystem.  Even though assessing the removal of nitrogen 
within MUS is extremely important, this research will only consider the effects of phosphorus 
removal using MUS. 
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Chapter 2:  Phosphorus Treatment Capability of the Marshland Upwelling System: I. 
Under Low Background Salinity Conditions 
2.1 Introduction 
An imbalance in the nutrient budget has led to diminishing water quality in many coastal 
waters (USEPA, 1998a).  In proper proportions, nitrogen and phosphorus are essential for the 
natural eutrophication process by which an aquatic ecosystem will age and generally become 
more productive.  An increase in nutrients beyond a system’s assimilative capacity can become 
detrimental to that system by leading to hypereutrophication. Consequently, on this basis, the 
USEPA has published guides for states and tribes to develop and adopt numerical nutrient criteria 
(Grubbs, 2001; USEPA, 1998c). 
Improperly functioning onsite wastewater systems are a source contributing to the cause 
of excessive nutrients being released in coastal waters.  Conventional onsite wastewater systems, 
such as septic systems, rely on the ability of applied wastewater to percolate into soil.  In coastal 
regions, however, these types of systems will not function properly due to high water tables or 
saturated soil.  These inadequate systems result in virtually untreated sewage being discharged to 
receiving waters.  As populations in coastal regions continue to rise, it is presumed that this 
problem will continue to grow.  Coastal counties comprise a mere 17% of the land area for the 
United States; however, over half of the United States population resides in these areas (NOAA, 
1998).  This trend is expected to increase, with a predicted 20% population increase along the 
United States coastline from 2000 to 2010 (NOAA, 1998).  Unless alternatives to the traditional 
onsite wastewater treatment systems are instituted, this source of nutrient input to coastal waters 
will only grow as coastal populations continue to increase. 
Nutrient pollution has impacted the valuable fisheries resource in the coastal regions of 
the nation.  Within the United States, approximately 75% of all commercially important fish 
reside in estuaries (Coastal America, 1998).  The coastal region of Louisiana is comprised of 
19,829 km2 of estuaries (LDEQ, 2004).  A total of 12,828 km2 are classified as fish and wildlife 
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Figure 2.1: Cross-sectional view of the Marshland Upwelling System indicating the expected 
direction of wastewater flow upon injection into the subsurface 
propagation, with 11,054 km2 being classified for oyster propagation (LDEQ, 2004).  However, 
in the 2004 305(b) report, an assessment of 52 estuaries revealed that 35% of the total estuaries 
were not well suited and sufficiently healthy systems for fish and wildlife propagation (LDEQ, 
2004).  This report further noted nitrogen and phosphorus as responsible for the impairment of 
769 km2 of estuaries (LDEQ, 2004).  Oyster propagation alone has experienced a 46% harvest 
reduction in Louisiana estuaries (NOAA, 1997).  These impacts can be largely attributed to 
coastal camps in these regions of Louisiana, which often have faulty or inadequate onsite 
wastewater systems. 
Environmental engineers from Louisiana State University have developed the Marshland 
Upwelling System (MUS) as an alternative onsite wastewater treatment system for coastal 
regions (Figure 2.1).  The MUS makes use of the natural physical, biological, and chemical 
removal processes that wetlands and wetland soils provide for the reduction of organic matter, 
fecal pathogens, and nutrients from injected wastewater.  Theoretically, subsurface soil within the 
MUS acts as filter media supporting these processes as the injected freshwater travels within the 
system.  Applicability of the MUS is ideal in coastal regions, which often have saturated saline 
soils and are often locations of septic system failure.  The saline nature of groundwater in coastal 
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regions makes it unusable as a potable water source.   Furthermore, the saturated soil matrix 
found in these regions favors the hydraulic performance of the MUS, which is often not the case 
with traditional onsite domestic wastewater systems.   
The MUS consists of a collection/distribution tank, pump, timer, pressure gauge, 
injection and monitoring well and soil media.  Initially, wastewater from a dwelling flows into the 
collection/distribution tank, which acts as an equalization and settling basin allowing wastewater 
to be stored and settled prior to a timed intermittent injection.  Wastewater is pumped down the 
injection well at a specified rate and frequency.  MUS injection wells are classified as Class V 
injection wells due to shallow injection into non-potable water sources (USEPA, 1999).  The 
depth of the injection well is a function of the soil matrix and background salinity.  A 
programmed timer activates and deactivates the pump, alternating between injection and resting 
stages.  The resting stage allows subsurface pressure dissipation between injection events.  
During the injection stage, forces from the pump dictate movement of wastewater within 
the system.   However, during the resting stage, the freshwater plume is subjected to buoyant 
forces created from density gradients between the freshwater wastewater and indigenous saline 
water.  Thus, these density gradients influence upward movement of the freshwater plume as it 
travels through the wetland subsurface.  Under high saline conditions, buoyant forces will tend to 
overcome advection and lessen the impact of dispersive forces on the freshwater plume as it rises 
to the surface.  Conversely, a low salinity regime will allow advection and dispersive forces to 
influence lateral movement of the wastewater plume.  Analogous to the geotextile liner in a 
constructed wetland system, this upward lifting acts to prevent potential encroachment on potable 
water sources.  Originally the MUS was designed to operate in regions with high saline pore 
water.  Researchers (Richardson and Rusch, 2005; Richardson et al., 2004; Fontenot, 2003; 
Watson Jr. and Rusch, 2002; 2001; Stremlau, 1994) have demonstrated MUS efficiency in 
treating bacteria and nitrogen under high background salinity conditions (~35 ppt) conditions.  
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However, Addo (2004) showed the MUS to be efficient at removing bacteria in low salinities 
(<10 ppt). 
To date, the treatment capability of the MUS in removing phosphorus has not been 
investigated.  Unlike nitrogen, phosphorus does not have a permanent removal mechanism from a 
wetland other than burial with sedimentation and diffusion into overlaying water and transport 
with this water.   Therefore, the ability for a wetland to store phosphorus is vital.  Even though 
there are several removal mechanisms in a wetland subsurface, adsorption and precipitation are 
primarily responsible for the removal of phosphorus.  The MUS is considered analogous to 
constructed wetlands, which utilize the adsorptive properties wetlands provide to treat phosphorus 
(Davis, 1995; Jones, 1995; Kent, 1994).  Within the MUS, phosphate adsorption is promoted as 
wastewater rises in a sinuous path through the soil matrix.   
The goal of this research was to assess the capability of the MUS to improve the quality 
of the surface water in coastal communities by reducing the impact of wastewater constituents.  
This research had three primary objectives: (1) to assess the treatment efficiency of the MUS for 
treating both total phosphorus and orthophosphate, (2) provide preliminary design and operational 
guidelines for phosphorus removal, and (3) develop a parameter to assess system longevity of the 
MUS for treating phosphorus.   This research would also investigate the efficiency of the MUS to 
operate under low salinities conditions.   
2.2 Materials and Methodology 
2.2.1 Experimental Site 
The research site was located along the Bayou Segnette canal, approximately 19.3 
kilometers south of New Orleans and located just south of Westwego, Louisiana in Jefferson 
Parish (Figure 2.2).  Bayou Segnette is located within the Barataria- Terrebonne Estuarine System 
in the Mississippi Deltaic Plain.  Development in the southern region of the estuary is 
characterized as sparsely populated making centralized sewerage treatment an unviable 
alternative (Ache and Wenger, 1999).  The Bayou Segnette canal consists of approximately 150 
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Figure 2.2: Map indicating the location of Bayou Segnette (LDEQ, 2005) 
camps.   A majority of these camps are seasonal or weekend live-ins, however, some of these 
camps provide permanent residences for camp dwellers.  Economically, this region has suffered 
due to the impacts of improperly treated wastewater derived from these camps (Ache and 
Wenger, 1999).  Negative economic impacts stem from the diminishing oyster propagation within 
this estuarine system (Ache and Wenger, 1999).  In all, the Barataria Bay has suffered harvest 
limitations of 41% while that of the Terrebone and Timbalier Bays have dropped 13% (NOAA, 
1997). 
Table 2.1: Background properties from the Bayou Segnette MUS site 
  Subsurface Water2 
Property Units 
Surface Water1 
4.6 m 6.1 m 7.6 m 
Salinity ppt 1.2 ± 1.5 
(n=31) 
7.3 ± 1.6  
(n=16) 
9.6 ± 2.0  
(n=14) 
11.5 ± 1.9  
(n=10) 
pH  7.2 ± 0.5 
(n=35) 
6.34 ± 0.10  
(n=8) 
6.55 ± 0.07  
(n=7) 
6.69 ± 0.06  
(n=5) 
Temperature °C 23.0 ± 8.0 
(n=36) 
20.9 ± 0.3  
(n=8) 
21.4 ± 1.0  
(n=7) 
21.0 ± 1.6 
 (n=5) 
DO mg/L 7.6 ± 2.2 
(n=33) 
NA NA NA 
1mean ± standard deviation 
2mean ± standard error 
NA - not analyzed 
 
 
Table 2.2:  Amount of ions found in a groundwater sample drawn from the background well (3.5 
m) within the Bayou Segnette MUS 
Name Ca Fe Mg Mn Na Si K Fl Br SO4 
ppm 288 37.6 145 0.95 1380 18.8 44.1 0.96 52.3 0.58 
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The MUS was installed within a flotant marsh in which the soil is poorly drained and 
stays flooded or ponded most of the year.  Indigenous saline levels identified the marsh as having 
low background salinity with mean subsurface concentrations ranging from 7.3 to 11.5 ppt (Table 
2.1).  A groundwater sample identified the amount of ions present in the porewater as seen in 
Table 2.2.  The slope in this area is noted as less than 0.5 percent (USDA, 1983).  Soils found in 
this marsh belong to the Kenner muck series and exhibit high permeability in the organic layers 
and low permeability in the clay layers (USDA, 1983).  Measurements have characterized the 
Bayou Segnette MUS as having a vegetative layer of 0.6 m, which rests on a highly organic 
substrate layer (termed as the muck layer) that extends to a depth of approximately 2.7 m.  
Beneath the organic muck layer is a dense consolidated mixed clay, sand, and silt layer.  Hand-
augered soil samples from this system were analyzed for the components as listed in Table 2.3.  
All analyses were performed using testing methods as outlined by the American Society for 
Testing and Materials (ASTM, 1995).  Identification of sand, silt and clay content within each 
depth interval was performed using sieve (ASTM C117, C136) and hydrometer analyses (ASTM 
D422) (Bardet, 1997; ASTM, 1995).  The textural classification of each layer of soil was 
identified using the USDA ternary plot.  Additionally, fraction of organic carbon (ASTM D2974) 
was identified for each layer.  
Table 2.3:  Selected soil properties for two distinctive layers of the Bayou Segnette MUS 
  Depth Interval, m 
Property Units 0.6 – 2.7 2.7 – 4.6 
Sand Content % 80.0 78.9 
Silt % 16.5 14.8 
Clay % 3.5 6.3 
USDA textural classification  loamy sand loamy sand 
Median Grain Size Diameter, d50 mm 0.26 0.10 
Uniformity Coefficient, d60/d10 unitless 4.2 1.5 
Fraction of Organic Carbon, foc % 35.7±1.2 11.6±2.5 
Table adapted from Addo, 2004 
2.2.2 Experimental Design and Operation 
The MUS was attached to a permanent residence single-family dwelling.  Wastewater 
from this residence was gravity fed to a 2,840 L polyethylene collection/distribution tank.  This 
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Figure 2.3: Layout of the monitoring wells installed at the Bayou Segnette MUS research site 
with respect to the point of wastewater injection.  Lettering around the injection wells 
is coding for a particular group of monitoring wells.  
tank was installed to handle both gray and black wastewater.  Two injection wells were installed 
at depths of 6.1 m (Injection Well #1) and 4.3 m (Injection Well #2).  The purpose of two 
injection wells is so that in the case of excessive pressure buildup (clogging) in the primary 
injection well, wastewater flow will be diverted to second injection well.  For research purposes, 
thirty-eight monitoring wells with depths of 2.7, 4.0, 4.3, 4.6, 6.1 and 7.6 m were installed at 
varying radii around the point of wastewater injection (Figure 2.3).  Additionally, a background 
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monitoring well was installed away from the site to establish background phosphorus 
concentrations.  Monitoring well placement was done in such a manner as to allow readings from 
various depths and distances with respect to the point of injection.   Additionally, two redox 
probes were installed at depths of 2.7 and 4.6 m within the substrata of the marsh.  The 
construction and installation of injection and monitoring wells followed procedures described by 
Fontenot (2003), Richardson (2002) and Watson Jr. (2000).  Additionally, redox probes were 
constructed using methods as outlined in Patrick et. al. (1996).   
Wastewater from the collection/distribution tank is intermittently injected into the 
subsurface soil matrix using a DC progressing cavity pump (Dayton, model: 4Z528) activated by 
a programmable timer (Omron, model: H5L-A).  A float switch has been installed on the system 
to ensure that a minimum amount of water remains in the tank at all times.  The total volume of 
wastewater injected into the system is recorded by a water meter (Aquatic Eco-Systems) and a 
pressure transducer (Pace Scientific, model: P100-25) keeps an ongoing readout of pressures 
within the system.  A layout of the internal components for the Bayou Segnette MUS is illustrated 
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Figure 2.4: Schematic of the internal control system components and plumbing of the Bayou 
Segnette MUS 
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in Figure 2.4.  Following installation, the system sat idle for nearly three months prior to 
activation to allow background conditions to return. 
The system was operated between November 2002 and October 2004.  During this time, 
four flowrate/injection frequency studies were performed.  Initially, only CBOD5 and fecal 
coliforms were studied during a high flowrate regime of 5.5 L/min flow using a 15 min/hr 
injection frequency.  The 5.5 L/min study was conducted to test the upper boundary for injection 
flowrate.  The injection depth during the high flowrate study was 6.1 m.  In March 2003, the flow 
was switched to the 4.3 m injection depth, and using the same injection frequency the flow was 
reduced to 0.9 L/min.  It was at this time that the monitoring of total phosphorus and 
orthophosphate began.  Following the 0.9 L/min study, injection flowrate was increased to 1.9 
L/min.  Two studies were performed at the 1.9 L/min injection flowrate with the first examining 
system performance at a 15 min/hr injection frequency, followed by a 30 min/hr injection 
frequency.  Injection well depth remained at 4.3 m during the final two studies. 
Sampling was performed on a monthly basis during the winter months (September 
through April) and twice a month during the summer months (May through August).  Each 
monitoring well was equipped with neoprene tubing to ensure that cross contamination would not 
occur during sampling.  Prior to pulling each sample a 1 L volume was purged and collected from 
the monitoring well allowing the introduction of new water.  All portions of purged water were 
discarded away from the site to ensure it would not affect system measurements.  Samples were 
collected, placed on ice and immediately brought back to the Louisiana State University Water 
Quality Laboratory for analysis.  The Louisiana State University Water Quality Laboratory is 
accredited through the Louisiana Department of Environmental Quality (LDEQ) and National 
Environmental Laboratory Accreditation Conference (NELAC).  In-situ pH, salinity and 
temperature were measured for each of the monitoring wells in which a sample was drawn.    
Redox readings were taken during each sampling event using platinum electrodes coupled with 
saturated calomel (SCE) reference electrode.  A correction factor of +245 was used to correct this 
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value to the standard hydrogen reference electrode (SHE) to express redox potential as Eh 
(Patrick et. al., 1996).   Monitoring well samples were filtered through a 1.2 m glass microfibre 
filter (Whatman) (<1.2) prior to analysis.  Total phosphorus (4500-P) and orthophosphate (4500-
P E) analysis was performed on the monitoring well samples by employing the ascorbic acid 
method as described in Standard Methods for the Examination of Water and Wastewater (APHA, 
1998).   
Influent samples were collected from the collection/distribution tank via a valve 
extending from the injection pump.  Analysis of this settled raw wastewater was used to establish 
a base for assessing system efficiency.  Influent water samples were analyzed for 
(<1.2)/unfiltered (unf) analysis of total phosphorus (4500-P), orthophosphate (<1.2) (4500-P E) 
fecal coliforms (9222 D), CBOD5 (5210 B), total volatile and suspended solids (2540 D & E), 
total Kjeldahl nitrogen (4500-Norg), total ammonia nitrogen (4500-NH3 D), nitrite (4500-NO2 B), 
and nitrate (4500-NO3 C).  Also, surface water sampling (~ 0.3 m below surface) of Bayou 
Segnette was performed to demonstrate the effects that anthropogenic sources such as domestic 
wastewater can have on a water system.  Surface water sample analysis included total phosphorus 
(<1.2) (4500-P) and orthophosphate (<1.2) (4500-P E) (APHA, 1998).  In-situ measurements of 
influent and surface water samples included temperature, pH, salinity and dissolved oxygen.   
2.2.3 Data Analysis 
Identified by flowrate/injection frequency, four separate studies were performed at this 
site.  Therefore, recorded parameters were averaged on a per study basis and are categorized as 
study-based means.  Statistical analyses (t-tests and ANOVA) were performed at  = 0.05 in SAS 
(9.0) to compare study-based mean values for all in situ parameters (pH, temperature and 
salinity), total phosphorus influent concentrations, and orthophosphate influent concentrations.  
Results were based on the most conservative Bonnferoni t test adjustment as provided by SAS 
(9.0).  In regard to monitoring wells analyses, mean concentrations of total phosphorus and 
orthophosphate with the corresponding standard deviations were calculated for each vector 
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distance on an individual sampling event basis.  Vector distance is defined as the direct path from 
the point of injection to the base of a given monitoring well.  An overall study-based mean 
concentration and standard error value was then determined at each of the vector distances.  
Mean concentration values for each study were regressed against vector distance and   
fitted using the simple first-order exponential decay equation: 
 
kxeCC −= o  (2-1) 
in which a vector distance based removal first-order removal rate constant (k) was determined for 
each study.  As time is insignificant, the distance based removal constant will allow prediction of 
phosphorus concentrations at various points within the system.  The use of removal with respect 
to distance instead of time is analogous to the methods used in assessing the treatment efficiency 
of upflow wetland mesocosms for removing volatile organic compounds (Kassenga et. al., 2003).  
Curve fitting procedures were all performed in SAS (9.0) using the linear form of equation 2-1.  
Graphs representing this removal trend were constructed in SigmaPlot (8.0) using the SAS 
output.  First-order rate constants and the equations developed for each study allowed prediction 
of surface concentrations during that given study.  From an engineering perspective, this allows 
determination of vector distance required to meet desired effluent concentrations, which gives 
insight into injection well depth.  Once the system has been commercialized, this will also give 
insight into the overlapping of plumes from neighboring systems.   
Visual depictions of orthophosphate and salinity concentrations within the MUS are 
illustrated using three-dimensional mesh plots.  Interpolation and graphing of data were 
performed in SigmaPlot.  These plots are not considered statistical models but simply are used to 
conceptualize orthophosphate and salinity movement and get a visual sense of plume movement 
throughout the MUS.  A layered format was used in constructing the mesh plots by depicting 
plume movement at each monitoring well depth throughout the entire study.   The ticks on the 
North/South and East/West axes are in units of meters with 0 m on each indicating the point of 
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wastewater injection.  Arrangement of monitoring wells as observed in Figure 2.3 determined the 
magnitude of the scale for the North/South and East/West axes at each layered depth.  The 
magnitude of the z-axis was specific to each graphed parameter and remained constant for each 
layered depth during the all studies.  
2.3 Results and Discussion 
2.3.1 Data Summary 
  Influent high strength wastewater (black and gray) characterization of the MUS for the 
entire study period (November 22, 2002 through October 15, 2004) has been compiled and is 
presented in Table 2.4.  Pertinent parameters are total phosphorus and orthophosphate.  Mean 
study-based influent concentrations with comparative analysis are provided in Table 2.5.  Mean 
influent concentrations did not significantly differ between any of the three studies for total 
phosphorus (p = 0.7685) or orthophosphate (p = 0.7964).  Since no statistical difference was 
found, the total phosphorus and orthophosphate data were lumped (Table 2.4).  A ratio of 0.80 
was observed between the orthophosphate (<1.2) and total phosphorus (unf) influent values (OP-
P/TP = 0.80).  The share of orthophosphate indicates the portion of bio-available phosphorus.  
Table 2.4: Influent wastewater characterization for the Bayou Segnette MUS 
  Unfiltered  Filtered (<1.2) 
Parameter Units n Results  n Results 
Typical  
Wastewaterc 
Fecal Coliforma col/100 mL 5 2.77×105±4.9×105  NA NA 103 – 108 
E. colia col/100 mL 5 3.33×105±5.9×105  NA NA  
Fecal Coliformb MPN/100 mL 18 9.25×104±4.8×104  NA NA  
E. colib MPN/100 mL 18 5.20×104±2.0×105  NA NA  
CBOD5b mg/L 17 270±17  25 214±14 10 – 350 
TSSb mg/L 18 184±40  NA NA 120 – 400 
VSSb mg/L 18 129±24  NA NA 95 – 315 
TKNb mg/L-N 26 116±28  28 106±27 8 - 25 
TANb mg/L-N 26 100±34  28 98±35 12 – 45 
Nitriteb mg/L-N NA NA  22 BDL 0 
Nitrateb mg/L-N NA NA  22 BDL 0 
Total Phosphorusb mg/L-P 22 14.1±3.2  24 12.4±3.3 4 – 12 
Orthophosphateb mg/L-P NA NA  31 11.3±2.9 3 - 8 
ageometric mean ± standard deviation 
bmean ± standard deviation 
cMetcalf & Eddy, 2003 
BDL-below detection limit 
NA-not analyzed 
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Table 2.5:  Mean study-based influent concentrations for the 
Bayou Segnette MUS. Means with same letter are not 
significantly different ( = 0.05). 
Study  TP (unf), mg/L3  OP-P (<0.45), mg/L3 
5.5 L/min – 15 min/hr1  12.8 ± 4.2 A  10.6 ± 2.4 A 
0.9 L/min – 15 min/hr2  13.8 ± 1.2 A  10.8 ± 2.4 A 
1.9 L/min – 15 min/hr2  14.4 ± 4.6 A  11.9 ± 4.0 A 
1.9 L/min – 30 min/hr2  15.0 ± 2.5 A  11.8 ± 3.4 A 
16.1 m injection depth 
24.3 m injection depth 
3mean ± standard deviation 
 
 
Table 2.6:  Duration of each of the four studies at the Bayou Segnette MUS site and the 
corresponding volume of wastewater injected and mass loading during each study 
Study Period, 
mm/dd/yy 
Elapsed 
Time, 
days 
Injection 
Flowrate, 
L/min 
Injection 
Frequency 
Volume of 
WW 
Injected, L 
Actual 
Hydraulic 
Loading 
Rate, L/d 
Theoretical 
Hydraulic 
Loading 
Rate, L/d3 
11/22/02-3/10/03 108 5.51 15  19,578 278 1,980 
3/10/03-11/3/03 238 0.92 15  58,708 294 342 
11/3/03-3/22/04 140 1.92 15  52,900 428 684 
3/22/04-10/15/04 207 1.92 30  56,237 232 1,368 
16.1 m injection depth 
24.3 m injection depth 
3Assumes an adequate volume of wastewater is present in Collection/Distribution to trigger injection 
 
 
This high ratio indicates that MUS success is highly dependent on the efficiency of treating 
orthophosphate.  
A summary of the dates for each individual study along with the volume of wastewater 
injected and mass loading is presented in Table 2.6.  Through October 15, 2004, a total of 
187,243 L of wastewater was injected into the system.  The initial study was employed to test the 
threshold of the system prior to causing acute failure.  Stremlau (1994) demonstrated that acute 
failure occurs as excessive pressures may actually alter the soil matrix and pry apart the soil, 
thereby, causing channelization.  Channelization is a preferential path within the subsurface soils 
that wastewater may travel preventing treatment.   This study with an injection flow of 5.5 L/min 
created pressures up to 85 kPa and caused channelization within the MUS.  For this reason, at the 
inception of the 0.9 L/min study, primary injection was switched to the 4.3 m injection well.  
Ensuing studies demonstrated the MUS can handle pressures created at lower injection volumes.  
In line with this and previous studies, there is now a good grasp of the design criteria for 
flowrate/frequency.  Other than influent analysis, phosphorus analysis was not conducted during 
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Table 2.7:  Study dependent means with standard deviations for in situ parameters recorded 
within the Bayou Segnette MUS. Means with same letter are not significantly 
different ( = 0.05). 
Study  Temperature  pH  Salinity 
  n mean±S.D., 
ºC 
 n mean±S.D.  n mean±S.D., 
 ppt 
5.5 L/min - 15 min/hra  77 19.0 ± 1.4  77 6.93 ± 0.53  124 8.3 ± 3.8 
0.9 L/min - 15 min/hrb  210 23.0 ± 1.9 A  207 6.74 ± 0.46 A  197 4.2 ± 3.0 A 
1.9 L/min - 15 min/hrb  70 18.6 ± 1.1 B  108 6.75 ± 0.40 A  130 3.0 ± 2.3 B 
1.9 L/min - 30 min/hrb  103 21.8 ± 2.1 C  103 6.46 ± 0.27 B  103 2.0 ± 2.2 C 
a6.1 m injection depth 
b4.3 m injection depth 
 
the 5.5 L/min study, which operated until March 2003.  Assessment of the Bayou Segnette MUS 
for removing phosphorus is confined to the dates of the 0.9 and two 1.9 L/min studies.   
Phosphorus does not have a permanent loss mechanism; and therefore, the MUS will 
have a finite capacity for storing phosphorus.  This finite capacity is dependent on the ability of 
the removal mechanisms to function within the MUS and will dictate the longevity for treating 
phosphorus.  Adsorption is the mechanism predominantly responsible for removal of phosphorus 
within a wetland subsurface.  Classification of this surface phenomenon can be either physical or 
chemical in nature.  Chemical phosphate adsorption is considered to bind stronger with soil than 
that of physical phosphate adsorption (Ryden and Syers, 1977a; b).  In the presence of hydric 
soils (wetland soils), inorganic forms of phosphorus can be found in the form of aluminum and 
iron phosphates or calcium phosphate.  The form is highly dependent on pH.  In general, alkaline 
soils will produce calcium precipitates and conversely in acidic soils phosphorus will precipitate 
with iron or aluminum.  Overall, the abundance of iron and aluminum or calcium will dictate the 
capacity for a wetland to store phosphorus (Reddy and D’Angelo, 1994).  Several chemical, 
physical and biogeochemical characteristics can regulate the phosphate adsorption capacity of 
substrates within a wetland subsurface.  Some of the common characteristics affecting adsorption 
were recorded throughout the entire study in the form of in situ measurements.  
In situ measurements obtained from all monitoring wells were averaged on a per study 
basis (Table 2.7).  Of the four studies, comparative statistical analyses were performed on the 0.9 
L/min study and the two 1.9 L/min studies.  The 1.9 L/min (15 min/hr) study was conducted 
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during the winter months and as expected produced the lowest study-based temperature of 
18.6ºC.  Respectively, temperatures for the 0.9 (15 min/hr) and 1.9 L/min (30 min/hr) studies 
were similar at 23.0 and 21.8ºC.  Nevertheless, temperatures were determined to be statistically 
different between all three studies.  However, studies on constructed wetlands have shown that 
similar seasonal weather trends do not impact phosphorus treatment (Mæhlum and Stålnacke, 
1999).  All studies were considered to have a circum-neutral pH value.  Results between pH 
values for the 0.9 and 1.9 L/min (15 min/hr) study indicates no significant difference ( = 0.05) in 
values.  The mean pH values found within this system reflect those common among anaerobic 
wetland subsurface environments (see Chapter 3).  Adsorption of phosphate is favorable at 
circum-neutral pH values (Reddy and D’Angelo, 1994).  Mean study-based salinity values 
steadily declined from the pre-study salinity concentrations, which ranged between 7.3 and 11.5 
ppt.  This trend was due to the injected freshwater wastewater displacing the indigenous saline 
pore water, thereby, reducing the salinity concentration.  Furthermore, this decreasing trend in 
mean study-based salinity concentrations implies that the freshwater plume grew over the 
duration of system operation. 
Measurement of redox potential within the MUS began in May 2003, during the 0.9 
L/min study.  Through October 15, 2004, mean redox potentials were determined to be -170.0 Eh 
at the 2.7 m depth and slightly higher at -118.6 Eh for the 4.3 m depth (Table 2.8).  Redox 
potential measurements fluctuated over the course of this research as indicated by the high 
standard deviations; however, averaged depth-based measurements were not significantly 
Table 2.8: Redox measurements for each individual study at the Bayou Segnette 
MUS. Means with same letter are not significantly different ( = 0.05). 
Study  Redox 
  2.7 m  4.3 m 
  n mean ± S.D., Eh   n mean ± S.D., Eh  
5.5 L/min – 15 min/hr1  NA NA   NA NA  
0.9 L/min – 15 min/hr2  9 -173.2 ± 56.9 A  9 -120.8 ± 61.4 A 
1.9 L/min – 15 min/hr2  6 -157.9 ± 20.9 A  6 -120.7 ± 12.0 A 
1.9 L/min – 30 min/hr2  8 -175.4 ± 11.1 A  8 -114.7 ± 19.0 A 
a6.1 m injection 
b4.3 m injection 
NA – not analyzed 
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different between the three studies.  A slightly more reduced redox potential found in the 2.7 m 
well could be viewed as an indication of the wastewater plume traveling over the 4.3 m depth but 
is impacting the 2.7 m depth.  Levels of redox potential below the range of +300 to +100 Eh are 
indicative of conditions where iron has been reduced from the ferric (Fe3+) to the ferrous (Fe2+) 
form, such as the redox potential levels found in this system (Evangelou, 1998).  According to 
Patrick and Khalid (1974), Fe3+ has a stronger binding affinity for phosphate than the Fe2+, but 
Fe2+ has a greater surface area for available phosphorus to adsorb.  This large surface area 
provides the Fe2+ with the ability to adsorb more phosphorus than Fe3+ when in high solutions of 
phosphorus (Patrick and Khalid, 1974).  However, the adsorptive mechanism of Fe2+ tends to be 
reversed when washed with solutions low in phosphorus and can result in desorption.  During this 
research, it was shown that the influent concentrations were constant with no significant 
difference between study-based means.  This would seem to reduce the likelihood of any 
desorption occurring within the system.   
2.3.2 Phosphorus Removal 
  Changing salinity has been used in previous studies (Richardson and Rusch, 2005; 
Richardson et al., 2004; Fontenot, 2003; Watson Jr. and Rusch, 2002; 2001; Stremlau, 1994) as 
an indicator of the wastewater plume movement.  This concept is illustrated by viewing the 
increasing orthophosphate concentrations (Figure 2.5) and decreasing salinity (Figure 2.6) at each 
vector distances as time progressed within the system.  Tracing salinity and orthophosphate 
concentration trends also provide indication of the sorption processes occurring within the MUS.  
Injected freshwater has characteristics of a conservative tracer and the arrival time for the 
freshwater plume at the varying vector distances was noticeable prior to any increase in 
phosphorus concentrations.  This retarding effect indicates that treatment processes are occurring 
within the MUS.  A comparison between orthophosphate and salinity is not available during the 
5.5 L/min (15 min/hr) study because of monitoring well samples not being analyzed for 
phosphorus at this time. 
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Figure 2.5: Orthophosphate concentration trends at each of the varying vector distances 
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Figure 2.6: Salinity trends at each of the varying vector distances 
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Phosphorus analysis began at the beginning of the 0.9 L/min study at which time the 
injection depth was switched from the 6.1 to the 4.3 m injection depth.  It was evident that plume 
movement had already influenced the orthophosphate concentrations of the inner wells (0.96 m 
vector distance) during the time of wastewater injection at the 6.1m depth.  Concentrations from 
the background well indicated that orthophosphate concentrations were 0.02 mg-P/L over the 
course of the entire study.  As seen in Figure 2.5, inner well orthophosphate concentrations had 
already risen above background concentrations.  Observations also indicated that the freshwater 
plume had influenced salinity concentrations of the inner wells (4.6 m depth) for which a 
background concentration of 7.3 ppt had been established.  At the inception of the 0.9 L/min (15 
min/hr) study, Figure 2.6 illustrates that the inner wells had already been diluted below the 
established background concentrations.  Overall, in examining the efficiency of this system it 
must be emphasized that the adsorptive sites of the filter were not completely fresh at the 
beginning of the 0.9 L/min (15 min/hr) study.   
Saturating the natural filter media with phosphorus is certain to occur within the MUS.  
As adsorptive sites had already begun saturating, evidence of saturation first began early 
(December 1, 2003) in the 1.9 L/min (15 min/hr) study when the phosphorus concentrations at the 
0.96 and 1.55 m vector distance became overlapped as seen in Figure 2.5.  Further illustrated in 
Figure 2.5 was that the 1.78 m vector distance appeared to become saturated late (February 9, 
2004) in the 1.9 L/min (15 min/hr) study.  This rise to saturation was gradual with orthophosphate 
concentrations beginning to plateau as monitoring well to influent concentration ratios 
approached 0.7.  In assessing MUS efficiency during regression analysis it was necessary to 
account for these zones of saturation. 
The resulting mean concentrations of total phosphorus and orthophosphate for the 0.9 
L/min and two 1.9 L/min studies were plotted and regressed against the corresponding vector 
distance (Figure 2.7).  Figure 2.7 depicts with a dotted line the cumulative mean total phosphorus 
(0.03 mg-P/L) and orthophosphate (0.02 mg-P/L) background well concentrations for all studies.  
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Figure 2.7: The 0.9 L/min (15 min/hr) study for TP and OP-P removal with respect to vector 
distance are indicated in a(1) and a(2), respectively.  In b(1) and b(2), the 1.9 L/min 
(15 min/hr) study illustrates the zone of saturation from 0 to 1.55 m vector distance 
and from that point demonstrates TP and OP-P removal with respect to vector 
distance.  Lastly, c(1) and c(2) depict the 1.9 L/min (30 min/hr) study as having a 
zone of saturation from 0 to 1.78 m and illustrate TP and OP-P removal with respect 
to vector distance from that point.  The zone of saturation indicates (sat. zon.) a 
region in which the soil substrate has reached its adsorption maximum. 
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These concentrations illustrate the ability of the MUS to reduce influent concentrations to 
background levels.  To reflect the zone of saturation, the y-axis was shifted to the outer zone of 
saturation before beginning regression analysis.  The simple first-order exponential decay 
equation was used in fitting the data beyond the zone of saturation.  A horizontal line was 
positioned into the graph and connected to the determined Co of the corresponding study to 
indicate the zone of saturation.  A detailed view of Figures 2.7a(1) and a(2) indicate that 
saturation was beginning to occur within the inner wells of the system during the 0.9 L/min (15 
min/hr) study.  However, an identical equation was produced when regressing the data beginning 
at 0 or 0.96 m vector distance mean.  For this reason, the 0.9 L/min (15 min/hr) study was 
determined not to show a zone of saturation.  However, a zone of saturation was indicated for the 
1.9 L/min (15 min/hr) by beginning regression analysis at the 1.55 m vector distance mean 
(Figures 2.7b(1) and b(2)).  This zone of saturation was extended out to the 1.78 m vector 
distance for the 1.9 L/min (30 min/hr) regression analysis (Figures 2.7c(1) and c(2)).   
Retention of phosphorus within this system seemed to be positively influenced by plume 
movement.  Contrary to previous studies (Richardson and Rusch, 2005; Richardson et al., 2004; 
Fontenot, 2003; Richardson, 2002; Watson Jr. and Rusch, 2002; 2001; Watson Jr., 2000; 
Stremlau, 1994), the Bayou Segnette MUS site is positioned within a region of low background 
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Figure 2.8: Illustration of the (a) August 14, 2002 (pre-study) orthophosphate concentrations and 
(b) August 3, 2004 (post-study) orthophosphate concentrations from within the 
Bayou Segnette MUS 
 31 
salinity.  The weak buoyant forces created under low salinities seemed to allow dispersive forces 
to influence plume movement, thus, allowing more lateral movement than that of previous 
research.   As wastewater is dispersed outward versus upward, the MUS soil substrate filter 
volume increases.  An increase in filter volume should only encourage a more efficient system.  
The slow upward movement of the plume also created a trend not seen in other MUS research.  
Prior research created nearly symmetric plumes (Richardson and Rusch, 2005; Richardson et al., 
2004; Stremlau, 1994).  The wastewater plume within this system was not symmetric.  It is 
hypothesized that the low buoyant forces generated a slower rise of the plume to the surface, and 
thereby, allowed more time for advection to influence lateral movement of the wastewater plume.  
As a result, phosphorus concentrations remained relatively low to the south of wastewater 
injection (Figure 2.8).  
In conjunction with prior MUS studies, an assumption of a symmetric plume was used in 
the assessment of phosphorus removal.  However, migration of the freshwater plume within this 
system was not symmetric.  This knowledge caused concern as to whether or not using the 
symmetric assumption was inflating the removal rate constants.  In an attempt, to generate more 
conservative removal rate constants, regression analysis was performed using five separate 
methods.  A lower removal rate constant is considered more conservative.  In reference to Figure 
2.3, regression analysis was individually performed using the wells to the north (AE, EE, IE, ME, 
and RE), east (BE, FE, JE, OE, and TE), south (CE, GE, KE, QE, and VE), and west (DE, HE, 
and LE) of the point of wastewater injection.  Also, regression analysis was performed using the 
Table 2.9: Summary of the total phosphorus removal coefficients and the corresponding 
R2 for the Bayou Segnette MUS research site 
 0.95 L/min – 15 min/hr  1.9 L/min – 15 min/hr  1.9 L/min –  30 min/hr 
Method k R2  k R2  k R2 
North 1.13 0.86  1.12 0.79  1.07 0.58 
South 1.11 0.82  1.20 0.77  0.88 0.61 
East 1.06 0.83  0.87 0.70  0.94 0.84 
West 1.82 0.78  1.32 0.94  1.05 1.00 
w/o South 1.05 0.81  1.10 0.93  0.94 0.81 
Symmetric 1.07 0.81  1.06 0.94  0.94 0.84 
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symmetric assumption minus the wells to the south of the point of wastewater injection, which 
would account for the wastewater plumes lack of migration to the south.  Results are in Table 2.9 
and indicate the east, symmetric without south, and symmetric regression methods to be the most 
conservative.  Using these regression procedures, it was determined that an assumption of a 
symmetric plume would produce conservative results even for a non-symmetric plume.  
Equations as depicted in Figure 2.7 for each of the corresponding studies allow 
estimation for the MUS technology to reduce levels of phosphorus.  To account for the zone of 
saturation, adjustments were made to the values determined from the equations derived for the 1.9 
L/min (15 min/hr) and 1.9 L/min (30 min/hr) studies.  Predicted surface concentrations required 
that the distance of the saturated zone be subtracted from the actual distance to the surface.  Thus, 
distances to the surface for the 1.9 L/min (15 min/hr) and 1.9 L/min (30 min/hr) studies were 
considered 2.75 and 2.52 m, respectively.   Estimations of phosphorus concentrations within the 
system required that the distances of 2.75 and 2.55 m be added to the values determined from the 
equations derived for the 1.9 L/min (15 min/hr) and 1.9 L/min (30 min/hr) studies.  Although 
only estimates, values determined from these equations establish a basis for the required injection 
depths necessary for meeting desired effluent concentrations.   
Total phosphorus effluent standards for various countries range from 0.18 to 2.0 mg/L 
with South Africa instituting an orthophosphate limit of 1.0 mg-P/L (Orhon et. al., 2002).  The 
USEPA (1998c) currently is working to establish ecoregional criteria for phosphorus, which will 
mandate effluent concentrations specific to wetlands and estuaries.  Many states have already 
began instituting effluent criteria for phosphorus as seen in California where certain areas have 
tightened this limit to 0.1 mg/L for total phosphorus (Dipen et al., 2004).   This conservative 
value of 0.1 mg/L of total phosphorus was used as a basis for evaluating MUS performance.  
Considering that the majority of the phosphorus effluent standards are being based on total 
phosphorus, this parameter was used in assessing the efficiency of the MUS (Table 2.10).  
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Table 2.10: Summary of the predicted surface concentrations and the required 
travel distance to return total phosphorus concentrations to the self-
imposed limit of 0.1 mg/L 
Study  Total Phosphorus 
Rate Constant, m-1 
Predicted Surface  
Conc., mg/La 
Required Travel  
Distance, mb 
0.9 L/min – 15 min/hr  1.07 0.13 4.51 
1.9 L/min – 15 min/hr  1.06 0.41 5.63 
1.9 L/min – 30 min/hr  0.94 0.67 6.32 
a4.3 m to surface 
bto meet the self-imposed effluent standard of 0.1 mg/L for total phosphorus 
 
 
Required travel distance indicates the distance needed for the wastewater to travel to comply with 
the self-imposed 0.1 mg/L effluent standard. 
Overall, after 23 months of operation this system displayed a 95% reduction between 
total phosphorus influent and estimated surface concentrations.  Throughout this research the 
Bayou Segnette Canal indicated total phosphorus and orthophosphate concentrations of 0.09 and 
0.05 mg-P/L, respectively.  This system would require 99% efficiency to return influent total 
phosphorus concentrations to those of the Bayou Segnette Canal.  Treatment efficiencies of this 
magnitude would be possible when considering the actual travel path of wastewater in the system.  
The conservative estimates found in Table 2.10 were conservatively determined by considering 
the wastewater to travel a direct path (4.3 m) to the surface.  Estimating the surface 
concentrations with this approach would only provide an estimate of concentrations within a 
small area around the injection well.  Actual plume movement within this system was shown to 
be mostly lateral with a gradual rise and would indicate that only a small portion of water would 
actually travel along a direct path to the surface.  Considering a direct wastewater path surfacing 
just 5.0 m radially outward from the injection well would produce levels below Bayou Segnette 
Canal concentrations.  In all, it must be stressed that performance efficiency of this system was 
determined extremely conservative estimates.   
2.3.3 Design Implications 
Previous MUS research on the removal of fecal coliforms and nitrogen have shown that 
acclimation of the subsurface soil matrix promotes better treatment (Richardson and Rusch, 2005, 
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Table 2.11:  Daily hydraulic, Total Phosphorus, 
Orthophosphate-P, and solids loading rates for 
the Bayou Segnette MUS 
 Injection Flowrate, L/min Loading Parameter 
 0.9a  1.9a  1.9b 
Hydraulic Loading, L/day  294  428  232 
Total Phosphorus (unf), g/day  4.1  6.0  3.3 
Orthophosphate-P  (<0.45), g/day  3.3  4.8  2.6 
TSS, g/day  54  79  43 
VSS, g/day  38  55  30 
a15 min/hr 
b30 min/hr 
 
 
Richardson et al., 2004, Addo, 2004; Fontenot, 2003; Watson Jr. and Rusch, 2002; 2001).  Unlike 
these components, phosphorus does not have a permanent loss mechanism and therefore the MUS 
will have a finite capacity for storing phosphorus.  This finite capacity makes mass loading a vital 
component of the MUS longevity for treating phosphorus.  Loading rates of the 0.9 L/min (15 
min/hr), 1.9 L/min (15 min/hr) and 1.9 L/min (15 min/hr) are indicated in Table 2.12 for total 
phosphorus, orthophosphate-P, TSS and VSS.  Each of the loading rates were based on the mean 
influent criteria for the entire study in combination with the hydraulic loading rates of the 
corresponding study. 
   Assessment of MUS longevity was performed using the loading rates provided in Table 
2.11 and the Freundlich capacity factor, Kf.  The Freundlich equation: 
   
n
f CK
m
x /1
=  (2-2) 
describes the adsorption trend most likely occurring in the MUS in that affinity for adsorption 
decreases as the amount of adsorption increases (Barrow, 1978).  Using the Kf values determined 
for soil from within this MUS, an estimation of the time to saturation for this system was 
performed.  Kf were determined to be 92.8 mg/Kg for the muck layer (0.6 to 2.7 m) and 86.0 for 
the sand/silt/clay layer (2.7 to 4.6 m) at a salinity of 5 ppt (see Chapter 4).  The Kf factor provides 
an estimation of the soil saturation capacity in mg orthophosphate-P/kg soil.  Bulk densities of 
organic soils are in the range of 0.05 to 0.10 g/cm3 and mineral soils are in the range of 1.2 to 1.7 
g/cm3 (USDA, 1983).  A bulk density value of 0.10 g/cm3 was used as an estimate for the muck 
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Figure 2.9: Illustration of the estimated years taken for the Bayou Segnette MUS subsurface to 
reach saturation.  Calculations considered volumes determined as a cylinder with a 
fixed height (4.0 m) and increasing vector distances 
layer.  A bulk density value of 1.59 g/cm3 was determined during a laboratory study using the 
sand/silt/clay layer (Addo, 2004).  Using these components, an estimation of time to saturation 
was provided for incremental increases in volumes of soil within the MUS.   
The geometric shape chosen to represent the movement of the plume was a vertical 
symmetric cylindrical pattern.  The cylinder was considered to have a constant height of 4.0 m 
with increases in volume stemming from increasing radial vector distance away from the point of 
wastewater injection.  Filter depth was assumed to begin at the 4.6 m since monitoring wells at 
this depth indicated high strength phosphorus concentrations.  Conservatively, the filter depth was 
only considered to be 4.0 m so that this would then leave the remaining 0.6 m of vegetation for 
treatment.    Employment of this was to demonstrate that increasing volume was not linear with 
respect to vector distance.  Using the loading rates as determined for the 0.9 L/min (15 min/hr), 
1.9 L/min (15 min/hr) and 1.9 L/min (15 min/hr) studies the years to saturation has been plotted 
against increasing vector distance (Figure 2.9). 
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Figure 2.9 illustrates the concept that volume of treatment within the MUS is not linear 
with respect to vector distance.  Regression analysis concluded that saturation had been achieved 
within the monitoring wells for the inner 1.55 m vector distance after 16 months of operation.  
After 23 months of operation and upon conclusion of the final study this saturation zone had been 
extended out to 1.78 m.  A range of times to reach saturation was offered by the simplistic 2D 
model, which was applied to each of the three loading regimes.  Depicted in Figure 2.9 was a 
saturation time range of 14 to 25 months for a radial vector distance of 1.55 m.  The time to 
saturation for the 1.78 m radial vector distance fell between 18 to 34 months.  Both of the times 
of which saturation became noticeable within the Bayou Segnette MUS fell in the range of times 
predicted by the 2D model.     
This assessment only applies a simplistic two-dimensional analysis and does not take into 
account the possible soil underlying a depth of 4.6 m nor does it take into account removal of 
phosphorus within the uppermost vegetative layer with in the system.  A three-dimensional 
assessment would be further advantageous and be able to demonstrate the ever-increasing volume 
with increasing vector distance.  However, at this time the plume shape is uncertain.  Future 
models will be able to provide more accurate depictions of the true capacity for phosphorus 
treatment within the MUS.  These models will then be able to provide injection depths necessary 
to meet desired treatment efficiencies within the MUS. 
2.4 Conclusions 
The MUS proved to be an efficient means for reducing domestic wastewater above that 
of typical ranges of total phosphorus and orthophosphate-P.  Performance of phosphorus 
treatment did not appear to be effected by any of the flow regimes but more on the amount of 
phosphorus injected into the system.  Typically, a longer duration of operation will correlate to a 
higher input of phosphorus to the system.  A higher total input of phosphorus correlates to a 
longer duration of operation of the system.  Following the initial 0.9 L/min (15 min/hr) study, 
regression analysis started producing an evident zone of saturation.  This zone of saturation began 
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occurring as monitoring well to influent ratios approached 0.7.  Regression analysis adjusted for 
this zone of saturation by shifting the y-axis to the outer zone of saturation.  Using equations 
derived during regression analysis, estimates of predicted surface concentrations were provided to 
evaluate the efficiency of treatment before impacting the surface for each individual study.  The 
final 1.9 L/min (15 min/hr) study provided estimates of MUS performance after two years of 
operation.  Using these estimates it would appear that an injection depth of 6.3 m would be the 
required depth to meet the self-imposed limit of 0.1 mg/L for total phosphorus.  However, at the 
current injection depth of 4.3 m, the predicted surface concentration for total phosphorus was 
0.67 mg/L. 
 Under site-specific conditions the plume was demonstrated as lateral moving but with a 
non-symmetrical pattern.  A lateral moving plume would only serve to make better use of the 
natural filter media of which the wetland subsurface provides.  Low saline pore water seemed to 
play a role in this unique plume movement.  Compared to that of other treatment wetlands, the 
MUS was shown to be unique in that it has an ever expanding filter volume in the lateral 
direction.   Future three-dimensional models of the MUS will be able to demonstrate that each 
incremental increase of injection depth will further promote filter volume.  Upon developing 
these models, the MUS will be shown for its true capabilities as an efficient onsite wastewater 
treatment alternative capable of long-term storage.  
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Chapter 3:  Phosphorus Treatment Capability of the Marshland Upwelling System: II. 
Under High Background Salinity Conditions 
3.1 Introduction 
Nitrogen and phosphorus are two major components of the aquatic ecosystem nutrient 
budget.  In proper proportions, these two components are essential for the natural eutrophication 
process by which an aquatic ecosystem ages and generally becomes more productive.  However, 
an increase in nutrients beyond a system’s assimilative capacity can become detrimental resulting 
in diminished water quality.  Direct wastewater discharge from coastal dwellings and/or from 
improperly functioning traditional onsite wastewater treatment systems (septic systems) has been 
associated with nutrient overloading in coastal waters (USEPA, 2005).   Thus, excessive nutrient 
overloading into these receiving bodies has led to the deterioration of water quality in many 
coastal areas (USEPA, 1998a).  This source of nutrient overloading is only expected to increase 
as population trends predict a 20% population growth within the coastal counties of the United 
States between 2000 and 2010 (NOAA, 1998).  In general, coastal areas have saturated soils not 
conducive for conventional onsite wastewater systems, which rely on the absorptive ability of the 
native surface soil.  These inadequate systems discharge virtually untreated sewage into the 
receiving coastal waters and therefore there is a critical need for alternative onsite wastewater 
treatment systems in these coastal areas, such as the Marshland Upwelling System (MUS) (Figure 
3.1).  
The MUS makes use of the natural physical, biological, and chemical removal processes 
that wetlands and wetland soils provide for the reduction of organic matter, fecal pathogens, and 
nutrients from injected wastewater.  Theoretically, subsurface soil within the MUS acts as filter 
media supporting these processes as the injected freshwater travels within the system.  
Applicability of the MUS is ideal in coastal regions, which often have saturated saline soils and 
are often locations of septic system failure.  The saline nature of groundwater in coastal regions 
makes it unusable as a potable water source.   Furthermore, the saturated soil matrix found in 
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Figure 3.1: Cross-sectional view of the Marshland Upwelling System with the arrows indicating 
the expected direction of wastewater flow upon injection into the subsurface 
these regions favors the hydraulic performance of the MUS, which is often not the case with 
traditional onsite domestic wastewater systems.   
The MUS consists of a collection/distribution tank, pump, timer, pressure gauge, 
injection and monitoring well and soil media.  Initially, wastewater from a dwelling flows into the 
collection/distribution tank, which acts as an equalization and settling basin allowing wastewater 
to be stored and settled prior to a timed intermittent injection.  Wastewater is pumped down the 
injection well at a specified rate and frequency.  MUS injection wells are classified as Class V 
injection wells due to shallow injection into non-potable water sources (USEPA, 1999).  The 
depth of the injection well is a function of the soil matrix and background salinity.  A 
programmed timer activates and deactivates the pump, alternating between an injection stage and 
a resting stage.  The resting stage allows subsurface pressure dissipation between injection events.   
During the injection stage, forces from the pump dictate movement of wastewater within 
the system.   However, during the resting stage, the freshwater plume is subjected to buoyant 
forces created from density gradients between the freshwater wastewater and indigenous saline 
water.  Thus, these density gradients influence upward movement of the freshwater plume as it 
travels through the wetland subsurface.  Under high saline conditions, buoyant forces will tend to 
 40 
overcome advection and lessen the impact of dispersive forces on the freshwater plume as it rises 
to the surface.  Conversely, a low salinity regime will allow advection and dispersive forces to 
influence lateral movement of the wastewater plume.  Analogous to the geotextile liner in a 
constructed wetland system, this upward lifting acts to prevent potential encroachment on potable 
water sources.  Originally the MUS was designed to operate in regions with high saline pore 
water.  Researchers (Richardson and Rusch, 2005; Richardson et al., 2004; Fontenot, 2003; 
Watson Jr. and Rusch, 2002; 2001; Stremlau, 1994) have demonstrated MUS efficiency in 
treating bacteria and nitrogen under high background salinity conditions (~35 ppt) conditions.  
However, Addo (2004) showed the MUS to be efficient at removing bacteria in low salinities 
(<10 ppt). 
To date, the treatment capability of MUS in removing phosphorus has not been 
investigated.  Unlike nitrogen, phosphorus does not have a permanent removal mechanism from a 
wetland other than burial with sedimentation and diffusion into overlaying water and transport 
with this water.   Therefore, the ability for a wetland to store phosphorus is vital.  Even though 
there are several removal mechanisms in a wetland subsurface, adsorption and precipitation are 
primarily responsible for the removal of phosphorus.  The MUS is considered analogous to 
constructed wetlands, which utilize the adsorptive properties wetlands provide to treat phosphorus 
(Davis, 1995; Jones, 1995; Kent, 1994).  Within the MUS, phosphate adsorption is promoted as 
wastewater rises in a sinuous path through the soil matrix.   
The goal of this research was to assess the capability of the MUS to improve the quality 
of the surface water in coastal communities by reducing the impact of wastewater constituents.  
This paper presents the results of the investigation to determine the phosphorus removal 
capabilities under high salinity conditions.  This research had three primary objectives:  (1) to 
assess the treatment efficiency of the MUS for treating both total phosphorus and orthophosphate, 
(2) provide preliminary design and operational guidelines for phosphorus removal, and (3) 
develop a parameter to assess system longevity of the MUS for treating phosphorus.     
 41 
3.2 Materials and Methodology 
3.2.1 Experimental Site 
The MUS research site was 
located within the 74.5 km2 Grand Bay 
National Estuarine Reserve in Moss Point, 
Mississippi (Figure 3.2). Moss Point 
climate is mild with monthly mean 
temperatures ranging between 10 and 
27°C (City-Data, 2005).  Mean monthly 
rainfall ranges from 9.4 to 18.8 cm (City-
Data, 2005).  The experimental MUS was 
installed in close proximity to Bayou 
Cumbest, which extends 5.6 km before 
emptying into the Gulf of Mexico.  Tidal ranges vary 0.42 m with a mean tidal level of 0.25 m 
(NOAA, 2005).  Approximately, 50 to 60 residents reside within this watershed, including 40 to 
45 residents living directly along the banks of Bayou Cumbest (MSU, 2000).  Common 
wastewater treatment for these residents are septic systems, however, most do not function 
properly (MSU, 2000).   
The Moss Point MUS was installed within a saline marsh in which Juncus roemerianus 
dominated the vegetation.  The marsh was identified as having high salinity with mean subsurface 
concentrations ranging from 30.3 to 31.7 ppt (Table 3.1).  Several distinctive layers were 
identified within soil matrix of this system.  The upper 1.2 m was a dark, highly organic soil with 
Table 3.1: Background properties from the Moss Point MUS site 
   Subsurface Water 
Property Units n 
Surface 
Water n 1.5 m 2.3 m 3.0 m 
Salinity ppt 32 17.1 ± 7.3 15 31.7 ± 3.4 30.3 ± 3.7 30.9 ± 3.6 
pH  28 7.5 ± 0.4 14 6.5 ± 0.2 6.6 ± 0.1 6.8 ± 0.3 
Temperature °C 27 24.1 ± 6.8 14 21.8 ± 2.7 22.1 ± 2.6 22.9 ± 2.7 
Table adapted from Richardson and Rusch, 2005 
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Figure 3.2:  Map indicating the location of the Grand 
Bay National Estuarine Research 
Reserve in Moss Point, Mississippi 
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characteristics analogous to that of a Scatlake series of soils commonly found along the Gulf 
coast of the United States.  Scatlake soils are semifluid mineral soils, which are generalized as 
very poorly drained due to mostly level sloping of the surrounding region (USDA, 1983).  
As identified by Richardson and Rusch (2005) and Richardson (2002), soil 
characterization of the Moss Point site was performed using a continuous intrusion cone 
penetrometer (CICP) in combination with separate soil borings (Table 3.2).  Identification of 
sand, silt and clay within each layer of the Moss Point MUS was performed using sieve (ASTM 
C117, C136) and hydrometer analyses (ASTM D422) (Bardet, 1997; ASTM, 1995).  A noticeable 
trend was identified with the high sand and silt percentage being replaced by sand as soil layers 
got progressively deeper.  The textural classification of each layer of soil was identified using the 
USDA ternary plot.  Additionally, fraction of organic carbon (ASTM D2974) was identified for 
the uppermost layer and the injection depth layer (ASTM, 1995).   
Table 3.2:  Selected soil properties for the four distinctive layers of the Moss Point MUS 
  Depth Interval, m 
Property Units 0.15 – 1.2 1.2 – 2.4 2.4 – 3.0 3.0 – 3.8 
Sand Content % 44 37 62 86 
Silt % 44 40 23 9 
Clay % 12 23 15 5 
USDA Textural Classification  loam loam sandy 
loam 
loamy 
sand 
Median Grain Size Diameter, d50 mm 0.10 0.04 0.10 0.16 
Uniformity Coefficient, d60/d10 unitless --a --a --a 1.08 
Fraction of Organic Carbon, foc % 9.0 ± 0.5 NA NA 0.5 ± 0.1 
aUnable to calculate d10 values 
NA – not analyzed 
Table adapted from Richardson and Rusch, 2005 
3.2.2 Experimental Design and Operation 
The Moss Point MUS received wastewater (black and gray) from a public restroom and 
two private camps.  The public restroom and the primary camp provided the most constant source 
of wastewater (Figure 3.3).  Camp 2 was rarely used and provided little wastewater to the system 
(Figure 3.3).  Seasonal trends were noted with the public restroom in which the majority of the 
use was in the spring and summer months (Figure 3.3).  A series of two collection and 
distribution tanks were implemented at this site.  A 208 L buried polyethylene 
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Figure 3.3: Indication of the public restroom (PR), Primary Camp (1), and Camp 2 (2) with 
respect to the point of injection for the Moss Point MUS 
collection/distribution tank (Tank 1) (Polytank, Inc., model: PT304) collected wastewater from 
the primary camp and the public restroom.  This wastewater was then pumped via a 1/2 hp 
submersible pump (Grainger, Inc., model: 4RK59) from the holding collection/distribution tank 
(Tank 1) to the primary 1,325 L polyethylene collection/distribution above ground tank (Tank 2) 
(Polytank, Inc., model: PT238).  The collection/distribution tank served to remove settleable 
solids prior to a 1/8 hp high pressure cavity pump (Cole Palmer, Inc., model: U-74500-16) 
intermittently injecting wastewater into the MUS subsurface.  Any wastewater derived from 
Camp 2 was pumped directly into the primary collection and distribution tank.   
In an effort to capture plume movement, twenty-eight monitoring wells with depths of 
1.5, 2.3 and 3.0 m were arranged at varying distances around a 3.8 m injection well (Figure 3.4).  
Additionally, three background wells were installed away from the site at depths of 1.5, 2.3 and 
3.0 m.  These wells served as indicators to whether or not there was an outside influence effecting 
monitoring wells observations.  The construction and installation of injection and monitoring 
wells followed procedures by Fontenot (2003), Richardson (2002), and Watson Jr. (2000).  
Monitoring well placement was done in such a manner as to allow readings from various depths 
and distances with respect to the point of injection.  Redox probes were installed at two locations 
at depths of 1.5, 2.3 and 3.0 m.  To gauge the maximum reducing effects of the wastewater plume 
redox wells were installed at A on Figure 3.4.  Background redox potential measurements were 
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Figure 3.4: The Moss Point MUS consisted of one injection well () and 28 monitoring wells at 
depths of 1.5 m (), 2.3 m (), and 3.0 m (). 
taken at the same location as the background monitoring wells.  Additionally, redox probes were 
constructed using methods as outlined in Patrick et. al. (1996).   
For research purposes, a pressure transducer with data logger (Pace Scientific, model: 
XR440) was installed on this system.  Volume as recorded by the water meter (Aquatic 
Ecosystems, Inc, model: FM2) was used to calculate the hydraulic loading of the system.  
Pressure readouts were downloaded each sampling event, which allowed the tracking of injection 
pressures as flow regimes varied throughout each study.  Operation of the system began in June 
2001 and concluded in June 2002 with a total of five studies being completed during this time.  
Flow regimes included injection flowrates of 1.9, 2.8 and 5.5 L/min with intermittent injection 
intervals of 30 minutes every three hours.  The 2.8 L/min (30 min/3 hr) flow regime included a 
study under normal operation and a synthetic wastewater study.  Also, a shorter more frequent 
injection interval of 15 min/1 hr was examined in combination with a 2.8 L/min flowrate.  
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 Sampling was conducted twice a month for this site.  Each monitoring well was 
equipped with neoprene tubing to ensure that cross contamination would not occur during 
sampling.  Prior to pulling each sample a 1 L volume was purged and collected from the 
monitoring well allowing the introduction of new water.  All portions of purged water were 
discarded away from the site to ensure it would not affect system measurements.  Samples were 
collected, placed on ice and immediately brought back to the Louisiana State University Water 
Quality Laboratory for analysis.  The Louisiana State University Water Quality Laboratory is 
accredited through the Louisiana Department of Environmental Quality (LDEQ) and National 
Environmental Laboratory Accreditation Conference (NELAC).  In-situ pH, salinity and 
temperature were measured for each of the monitoring wells in which a sample was drawn.      
Redox readings were taken during each sampling event using platinum electrodes coupled with 
saturated calomel (SCE) reference electrode.   Redox readings were taken from within monitoring 
well casings using monitoring wells located both inside and outside the wastewater plume.  A 
correction factor of +245 was used to correct this value to the standard hydrogen reference 
electrode (SHE) to express redox potential as Eh (Patrick et. al., 1996).   Monitoring well samples 
were filtered through a 1.2 m glass microfibre filter (Whatman) (<1.2) prior to analysis.  Total 
phosphorus (4500-P) and orthophosphate (4500-P E) analysis was performed on the monitoring 
well samples by employing the ascorbic acid method as described in Standard Methods for the 
Examination of Water and Wastewater (APHA, 1998).   
Influent samples were collected from the collection/distribution tank via a valve 
extending from the injection pump.  Analysis of this settled raw wastewater was used to establish 
a base for assessing system efficiency.  Influent water samples were analyzed for 
(<1.2)/unfiltered (unf) analysis of total phosphorus (4500-P), orthophosphate (<1.2) (4500-P E), 
fecal coliforms (9222 D), CBOD5 (5210 B), total volatile and suspended solids (2540 D & E), 
total Kjeldahl nitrogen (4500-Norg), total ammonia nitrogen (4500-NH3 D), nitrite (4500-NO2 B), 
and nitrate (4500-NO3 C).  Also, surface water sampling (~ 0.3 m below surface) of Bayou 
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Cumbest was performed to demonstrate the effects that anthropogenic sources such as domestic 
wastewater can have on a water system.  Surface water sample analysis included total phosphorus 
(<1.2) (4500-P) and orthophosphate (<1.2) (4500-P E) (APHA, 1998).  In-situ measurements of 
influent and surface water samples included temperature, pH, salinity and dissolved oxygen.   
3.2.3 Data Analysis 
Identified by flowrate/injection frequency, five separate studies were performed at this 
site.  Therefore, recorded parameters were averaged on a per study basis and are categorized as 
study-based means.  Statistical analyses (t-tests and ANOVA) were performed at  = 0.05 in SAS 
(9.0) to compare study-based mean values for all in situ parameters (pH, temperature and 
salinity), total phosphorus influent concentrations, and orthophosphate influent concentrations.  
Results were based on the most conservative Bonnferoni t test adjustment as provided by SAS 
(9.0).  In regard to monitoring wells analyses, mean concentrations of total phosphorus and 
orthophosphate with the corresponding standard deviations were calculated for each vector 
distance on an individual sampling event basis.  Vector distance is defined as the direct path from 
the point of injection to the base of a given monitoring well.  An overall study-based mean 
concentration and standard error value was then determined at each of the vector distances.  
  Mean concentration values for each study were regressed against vector distance and   
fitted using the simple first-order exponential decay equation: 
 
kxeCC −= o  (3-1) 
in which a vector distance based removal first-order removal rate constant (k) was determined for 
each study.  As time is insignificant, the distance based removal constant will allow prediction of 
phosphorus concentration within the MUS.  The use of removal with respect to distance instead 
of time is analogous to the methods used in assessing the treatment efficiency of upflow wetland 
mesocosms for removing volatile organic compounds (Kassenga et. al., 2003).  Curve fitting 
procedures were all performed in SAS (9.0) using the linear form of equation 3-1.  Graphs 
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representing this removal trend were constructed in SigmaPlot (8.0) using the SAS output.  First-
order rate constants and the equations developed for each study allowed prediction of surface 
concentrations during that given study.  From an engineering perspective, this allows 
determination of vector distance required to meet desired effluent concentrations, which gives 
insight into injection well depth.  Once the system has been commercialized, this will also give 
insight into the overlapping of plumes from neighboring systems.   
Visual depictions of orthophosphate and salinity concentrations within the MUS are 
illustrated using three-dimensional mesh plots.  Interpolation and graphing of data were 
performed in SigmaPlot.  These plots are not considered statistical models but are used to gain a 
visual sense of orthophosphate and salinity movement.  A layered format was used in 
constructing the mesh plots by depicting plume movement at each monitoring well depth 
throughout the entire study.   The ticks on the X and Y-Coordinates are in units of meters with 0 
m on each indicating the point of wastewater injection.  Arrangement of monitoring wells as 
observed in Figure 3.4 determined the magnitude of the scale for the X and Y-Coordinate at each 
layered depth.  The magnitude of the z-axis was specific to each graphed parameter and remained 
constant for each layered depth during all studies.  
3.3 Results and Discussion  
3.3.1 Data Summary 
Influent high strength wastewater (gray and black) characterization of MUS for the entire 
study period (June 21, 2001 through June 17, 2002) has been compiled and is presented in Table 
3.3.  Values for total phosphorus and orthophosphate both exceed the typical range of domestic 
wastewater.  The ratio of orthophosphate (<1.2) to total phosphorus (unf) for the Moss Point 
system was calculated as 0.81 (OP-P/TP = 0.81).  The share of orthophosphate indicates the 
portion of bio-available phosphorus.  This high ratio indicates that MUS success is highly 
dependent on the efficiency of treating orthophosphate.  Mean study-based influent 
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Table 3.3:  Influent wastewater characterization of the Moss Point MUS 
  Unfiltered  Filtered (<1.2)  
Parameter Units n Results  n Results 
Typical  
Wastewaterb 
Fecal Coliforma col/100 mL 22 7.2×105 ± 2.1×106  NA NA 103 – 108 
CBOD5 mg/L 21 274 ± 34.2  25 214±13.7 10 – 350 
TSS mg/L 31 273 ± 62.4  NA NA 120 – 400 
VSS mg/L 28 147 ± 29.0  NA NA 95 – 315 
TKN mg/L-N NA NA  22 136 ± 15.0 8 - 25 
TAN mg/L-N NA NA  21 112 ± 14.0 12 – 45 
Nitrite mg/L-N NA NA  26 0.1 ± 0.3 0 
Nitrate mg/L-N NA NA  13 BDL 0 
Total Phosphorus mg/L-P 15 16.7 ± 9.6  16 14.7 ± 8.9 4 – 12 
Orthophosphate mg/L-P 17 12.7 ± 7.2  15 13.5 ± 6.6 3 - 8 
ageometric mean ± standard deviation 
bMetcalf & Eddy, 2003 
NA – not analyzed 
BDL-below detection limit 
 
 
Table 3.4:  Mean study-based influent concentrations for the Moss Point MUS. Means 
with same letter are not significantly different ( = 0.05). 
Study  TP (unf), mg/L1  OP-P (<1.2), mg/L1 
1.9 L/min – 30 min / 3 hr  6.2 ± 1.9 A   4.0 ± 1.4  B 
5.5 L/min – 30 min / 3 hr  11.5 ± 6.4 A   11.4 ± 6.8 A B 
2.8 L/min – 30 min / 3 hr  18.0 ± 2.9 A   16.2 ± 3.5 A B 
2.8 L/min – 30 min / 3 hr 
(Synthetic Wastewater)  18.0 ± 9.6 A   13.6 ± 7.4 A B 
2.8 L/min – 15 min / 1 hr  19.5 ± 2.7 A   18.3 ± 5.1 A  
1mean ± standard deviation 
 
 
concentrations for total phosphorus and orthophosphate with comparative analysis are provided in 
Table 3.4.  There was no significant difference (p = 0.0760) between mean study-based influent 
total phosphorus concentrations.  However, the mean orthophosphate values indicated a 
significant difference (p = 0.0422) between study-based means.   For this reason, each study will 
be evaluated using study-based means for both total phosphorus and orthophosphate. 
The dates for each individual study along with the volume of wastewater injected and 
theoretical hydraulic loading is presented in Table 3.5.  A cumulative total of 76,213 L of 
wastewater was injected throughout the five studies.  With respect to time of wastewater loading, 
pressure readouts indicated no signs of chronic fatigue within the system.   Increasing pressure 
trends with respect to time could indicate that clogging was occurring within the system   
However, pressure trends were seen with respect to the varying flow regimes.  The 1.9 L/min (30 
min/3 hr) study injected 13,213 L of wastewater into the MUS creating pressures of 5.3 to 36 kPa, 
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Table 3.5: Injection flowrates and frequencies and the corresponding volume of wastewater 
injected over the course of research at the Moss Point MUS 
Study Period, 
mm/dd/yy 
Elapsed 
Time, 
days 
Injection 
Flowrate, 
L/min 
Injection 
Frequency,  
min/hr 
Volume of 
WW 
Injected, L 
Actual 
Hydraulic 
Loading 
Rate, L/d 
Theoretical 
Hydraulic 
Loading 
Rate, L/d* 
06/21/01 – 09/17/01 88 1.9 30 min/3 hrs 13,213 196 456 
09/17/01 – 11/05/01 49 5.5 30 min/3 hrs 8,942 252 1,320 
11/05/01 – 01/21/02 77 2.8 30 min/3 hrs 10,863 118 672 
01/21/02 – 04/2/02  
(Synthetic WW) 71 2.8 30 min/3 hrs 30,988 508 672 
04/2/02 – 06/17/02 78 2.8 15 min/1 hr 12,207 150 1,008 
*Assumes an adequate volume of wastewater is present in Collection/Distribution Tank 2 to trigger injection 
Table adapted from Fontenot, 2003 
 
which are conducive to system operation.  An ensuing study examined the upper boundary of 
pressures the system could handle before resulting in acute failure.  This study injected a total of 
8,942 L of wastewater in less than two months using a flowrate of 5.5 L/min.  Excessive 
pressures of 77 to 151 kPa were created during this study and caused acute failure within the 
system.  Stremlau (1994) demonstrated that acute failure occurs as excessive pressures may 
actually alter the soil matrix and pry apart the soil, thereby, causing channelization. 
Channelization is a preferential path within the subsurface soils that wastewater may travel 
preventing treatment.  As evidenced by the remaining studies, the system seemed capable of 
handling pressures ranging from 44 to 145 kPa without channelization occurring.  Design criteria 
can be inferred from these studies by giving a good grasp of the acceptable flow/frequencies for 
operation of the MUS.   
Hydraulic impacts are an important aspect to efficient MUS operation because this is 
what enables the treatment mechanisms of the wetland subsurface to be utilized.  Adsorption is 
the predominant mechanism responsible for retaining phosphorus within a wetland subsurface.  
Adsorption is a surface phenomenon that can be classified as either physical or chemical in 
nature.  Chemical adsorption is considered to bind stronger with soil than that of physical 
adsorption (Ryden and Syers, 1977a; b).  In the presence of hydric soils, inorganic forms of 
phosphorus can be found in the form of aluminum and iron phosphates or calcium phosphate.  
The form is highly dependent on pH.  In general, alkaline soils will produce calcium precipitates 
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Table 3.6:  Study dependent means with standard deviations for in situ parameters recorded 
within the Moss Point MUS. Means with same letter are not significantly 
different ( = 0.05). 
Study  Temperature  pH  Salinity 
  n mean±S.D., 
 ºC 
  n mean±S.D.    n mean±S.D., 
ppt 
 
1.9 L/mina   144 24.6 ± 1.1 A  120 6.53 ± 0.39 C   216 18.2 ± 7.8 B 
5.5 L/mina   76 23.4 ± 1.1 B  38 6.62 ± 0.38 C B  114 18.8 ± 8.6 B 
2.8 L/mina   221 20.3 ± 2.3 C  225 6.64 ± 0.31 C B  223 23.2 ± 7.6 A 
2.8 L/mina  
(Syn. WW)  151 17.1 ± 1.2 D  150 6.79 ± 0.37 A   151 19.4 ± 8.7 B 
2.8 L/minb   151 20.6 ± 1.4 C  151 6.71 ± 0.30 A B  151 19.1 ± 7.7 B 
a30 min/3 hr 
b15 min/1 hr 
 
 
and conversely in acidic soils phosphorus will precipitate with iron or aluminum.  Overall, the 
abundance of iron and aluminum or calcium will dictate the capacity for a wetland to store 
phosphorus (Reddy and D’Angelo, 1994).  Several chemical, physical and biogeochemical 
characteristics can regulate the phosphate adsorption capacity of substrates within a wetland 
subsurface.  Some of the common characteristics affecting adsorption were recorded throughout 
the entire study in the form of in situ measurements.   
In situ measurements obtained from the monitoring wells included a cumulative mean of 
all sampled monitoring wells on a per study basis (Table 3.6).  The average temperature and pH 
developed a fluctuating trend (Figure 3.5).   The trend demonstrated that as temperature went up 
the pH dropped and vice versa.  Identified within Table 3.6 are the results of the comparative 
analysis.  Temperatures varied throughout the entire study and identified a significant difference 
(p < 0.0001) between study-based means.  Only the 2.8 L/min (30 min/3 hr) and 2.8 L/min (15 
min/1 hr) studies exhibited no significant difference between temperatures.  The synthetic study 
took place during the winter months and as expected produced the lowest study-based 
temperature of 18.6ºC.  However, studies on constructed wetlands have shown that similar 
seasonal weather trends do not impact phosphorus treatment (Mæhlum and Stålnacke, 1999).  
Mean pH values were all just below neutral and in a range common among anaerobic wetland 
subsurface environments (see Chapter 2).  Each successive study became more neutral until the 
2.8 L/min (15 min/1 hr) study at which time the pH value slightly dropped.  It is expected that 
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Figure 3.5: Mean temperature and pH values over the course of the Moss Point study  
each study would tend to increase the likelihood for adsorption as a circum-neutral pH value 
generally favors adsorption of phosphate (Reddy and D’Angelo, 1994).  Gao and Mucci (2003) 
further demonstrated a circum-neutral pH to increase phosphate adsorption capacity with studies 
on goethite in artificial seawater.   
A discernible difference between monitoring well salinity values prior to freshwater 
wastewater injection and concurrent with freshwater injection has been observed in all MUS 
research.  This difference has been used to delineate the travel of wastewater within the MUS.  
All study-based mean salinity values were below the indigenous saline values of 30.3 to 31.7 ppt, 
thus, demonstrating the diluting influence of injected wastewater.  Differing salinity values not 
only provide an indication of plume movement but can alter the phosphate adsorption capacity of 
soil.  Laboratory studies on the Moss Point soil demonstrated that the capacity of phosphate 
adsorption was increased with increasing ionic strength (see Chapter 4).  This coincides with past 
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  Table 3.7: Redox measurements at varying depths within 
the Moss Point MUS 
Depth  Redox Potential 
  Within Plume  Background 
  n mean ± S.D., Eh  n mean ± S.D., Eh 
3.0 m  13 -144 ± 9.3  13 -30 ± 4.3 
2.3 m  13 -75 ± 12  13 1.0 ± 15 
1.5 m  12 -60 ± 20  13 46 ± 5.0 
Table adapted from Fontenot, 2003 
 
research, which has shown an increase in ionic strength to increase the capacity of phosphate 
adsorption (Helyar et al., 1976; Ryden et al., 1977a; Ryden and Syers, 1975). 
 Measurements of redox potential were recorded over the entire study at each of the 
monitoring well depths (Table 3.7).  A level of redox potential below the range of +50 to +100 
generally suggests that iron has been reduced from the ferric (Fe3+) to the ferrous (Fe2+) form 
within the Bayou Segnette MUS (Patrick et al., 1996).  The reducing nature of the plume was 
evident from comparing background readings to those within the plume.  A comparison of the 1.5 
m depth shows a strong shift from background redox potential bordering on the range of the 
oxidized Fe3+ form to a value highly indicative of the reduced Fe2+ form within the plume.   
3.3.2 Phosphorus Removal 
The resulting mean concentrations of total phosphorus and orthophosphate-P for each 
study were plotted and regressed against the corresponding vector distance.    A visual example of 
this regression is provided for the 2.8 L/min (15 min/1 hr) (Figure 3.6).   Total phosphorus (unf) 
and orthophosphate-P (<1.2) influent concentrations are illustrated (0 m vector distance) with the 
error bars corresponding to standard deviation.  Error bars on all other data points are indicative 
of standard error.  The 2.8 L/min (15 min/ 1 hr) study represents the most conservative removal 
constant as derived on a per study basis.  A complete compiling of the study-based removal 
constants are in Table 3.8.   
A discernible trend was observed in that the slopes of each linear fit became less steep 
with each successive study.  Only the 5.5 L/min (30 min/3 hr) study compared to that of the 
previous 1.9 L/min (30 min/ 3 hr) study (initial study) did not agree with this trend, however, this 
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Figure 3.6: The 2.8 L/min (15 min/1 hr) study is represented for (a) total phosphorus and (b) 
orthophosphate-P for the Moss Point MUS.  Each data point indicates the event-
based mean for the 2.8 L/min (15 min/1 hr) study with its corresponding vector 
distance.    
Table 3.8:   Compilation of the components of the simple first-order 
equation for each study of the Moss Point MUS 
Study  Total Phosphorus  Orthophosphate-P 
  Co k R2  Co k R2 
1.9 L/min – 30 min / 3 hr  6.0 1.16 0.78  6.3 1.24 0.64 
5.5 L/min – 30 min / 3 hr  9.4 1.41 0.71  12.5 1.48 0.80 
2.8 L/min – 30 min / 3 hr  9.7 0.83 0.88  6.7 0.80 0.88 
2.8 L/min – 30 min / 3 hr 
(Synthetic Wastewater) 
 10.5 0.77 0.89  12.6 0.89 0.86 
2.8 L/min – 15 min / 1 hr  15.1 0.75 0.86  11.0 0.75 0.77 
 
is attributed to the significant increase of the influent concentration of the latter study.  The steep 
slope generated during regression analysis is a result of high concentrations within the inner wells 
compared to that of the low to insignificant concentrations in the outer wells.  Following the 5.5 
L/min (30 min/3 hr) study phosphorus concentrations began seeing a rise in the outer wells of the 
system.  While not discernible from the regression plots, this provides evidence that saturation 
was gradually beginning to occur within the system.  A two year study of a MUS located in 
Bayou Segnette, Louisiana demonstrated an evident zone of saturation as monitoring well 
concentrations approached a ratio of approximately 0.70 of monitoring well to influent 
concentration (see Chapter 2).  Ratios between the innermost well concentrations and the influent 
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Figure 3.7: Illustration of the influent and 1.4 m vector distance average during the 
synthetic study 
concentration were 0.42 and 0.40 for total phosphorus and orthophosphate-P, respectively, during 
the final 2.8 L/min (15 min/1 hr) study.  
Under certain conditions within the MUS the likelihood for desorption to occur is 
possible.  According to Patrick and Khalid (1974), Fe3+ has a stronger binding affinity than the 
Fe2+, but Fe2+ has a greater surface area for available phosphorus to adsorb.  This large surface 
area provides the Fe2+ with the ability to adsorb more phosphorus than Fe3+ when in high 
solutions of phosphorus (Patrick and Khalid, 1974).  However, the adsorptive mechanism Fe2+ 
tends to be reversed when washed with solutions low in phosphorus.  The synthetic wastewater 
study saw the largest decrease in influent concentration and presented the best opportunity for the 
bound phosphorus to be released by the washing of a dilute solution.  To assess whether 
desorption occurred Figure 3.7 illustrates the comparison of influent concentration to the 1.4 m 
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Figure 3.8: Illustration of the mean salinity concentrations at varying depths within the Moss 
Point MUS. 
vector distance wells.  It is not apparent from viewing Figure 3.7 that any significant increases in 
concentrations occurred within the inner ring of monitoring wells as a result of desorption.  
Possibly if this system had operated longer under these conditions desorption may have occurred 
and decreased treatment efficiency within the system. 
Treatment of phosphorus within this system seemed to be positively influenced by plume 
movement.  Richardson and Rusch (2005) and Richardson et al (2004) indicated that plume 
movement was influenced by tidal patterns but overall this system produced a laterally symmetric 
pattern.  Although, display of the plume was laterally symmetric, soil characterization played a 
strong role in the upward migration of the plume.  Injection of wastewater was employed within a 
layer of soil composed of 86% sand and only 5% clay.  Above this layer rested two layers of soil 
with successively higher clay content.  It is presumed that this increasing clay content of the 
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above layers suppressed upward plume movement, thus, allowing dispersion to produce a more 
desirable lateral plume.  Previous research has shown salinity to be used as an indication of plume 
movement (Richardson and Rusch, 2005; Richardson et al., 2004; Fontenot, 2003; Watson Jr. and 
Rusch, 2002; 2001).  Tracing salinity patterns throughout the Moss Point MUS provides further 
evidence of the plume movement within this system.  The dilution effect of the injected 
freshwater at the 3.0 m depth was much greater compared to that of either the 2.3 or 1.5 m depth 
(Figure 3.8).  In all, this lack of upward movement would only seem to enhance the functionality 
of the MUS with lateral dispersion of the plume providing an infinite treatment substrate.   
All MUS research has been conducted in regions with a mostly level sloping or low 
hydraulic gradient.  Hence, even with the slowed progress of upward plume movement, advection 
did not sway lateral dispersion of the plume within the Moss Point MUS.  It is thought, steep 
density gradients between the injected freshwater and high indigenous saline pore water created 
buoyant forces capable of overcoming the influence of advection.  Research of the MUS has been 
conducted in similar regions distinguished as having pore water under high background salinities 
(~35 ppt) and also in regions having low background salinities (<10 ppt).  Previous MUS research 
(Watson Jr. and Rusch, 2002; 2001), under high background salinities, took place in a region with 
a subsurface identified as having a high sand content.  Consequently, the porous subsurface 
allowed the buoyant forces to overcome the influence of advection and create a laterally 
symmetric plume (Watson Jr. and Rusch, 2002; 2001).  Under low background salinity 
conditions, results of MUS research have shown a plume with almost no symmetry (see Chapter 
2).   Even though, the plume movement was non-symmetric, it was accepted as highly desirable 
with subsurface dispersion enhancing the treatment ability of the MUS.  In this case, low density 
gradients allowed time for advection to influence the dispersion of the plume. 
Tracing salinity and phosphorus concentrations also provide indication of the sorption 
processes occurring within the MUS.  Injected freshwater has characteristics of a conservative 
tracer and the arrival time for the freshwater plume at the varying vector distances was noticeable 
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Figure 3.9: Illustration of the 3.0 m monitoring well depth showing the mean (a) salinity and (b) 
orthophosphate-P background concentrations compared to the mean 2.8 L/min (15 
min/1 hr) study (c) salinity and (d) orthophosphate-P values at the same depth 
prior to any increase in phosphorus concentrations.  This retarding effect indicates that treatment 
processes are occurring within the MUS.  A comparison of salinity and orthophosphate-P 
background concentrations (prior to any freshwater wastewater injection) to the mean 
concentrations of the 2.8 L/min (15 min/1 hr) study illustrates the extent of travel for each 
component over the course of the entire study (Figure 3.9).  Specific comparison of Figures 3.9a 
and b depict the diluting effects of salinity as much more widespread than that of orthophosphate-
P.  Seemingly, a greater lag in time between the two components would indicate better treatment 
within MUS.  However, this should only be used as an indirect measure of system performance 
and not for gauging MUS efficiency.   
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Table 3.9:  Summary of the predicted surface concentrations and the required travel 
distance to return total phosphorus concentrations to the self-imposed 
limit of 0.1 mg/L 
Study  Total Phosphorus 
Rate Constant, m-1 
Predicted Surface  
Conc., mg/La 
Required Travel  
Distance, mb 
1.9 L/min – 30 min / 3 hr  1.16 0.07 3.53 
5.5 L/min – 30 min / 3 hr  1.41 0.04 3.22 
2.8 L/min – 30 min / 3 hr  0.83 0.41 5.51 
2.8 L/min – 30 min / 3 hr 
(Synthetic Wastewater) 
 0.77 0.56 6.04 
2.8 L/min – 15 min / 1 hr  0.75 0.87 6.69 
a3.8 m to surface 
bto meet the self-imposed effluent standard of 0.1 mg/L for  total phosphorus 
 
Efficiency of these treatment processes were evaluated using the components of the 
simple first-order decay equation as derived for each study (Table 3.9).  Total phosphorus effluent 
standards for various countries range from 0.18 to 2.0 mg/L with South Africa instituting an 
orthophosphate limit of 1.0 mg-P/L (Orhon et. al., 2002).  The USEPA (1998c) currently is 
working to establish ecoregional criteria, which will mandate effluent concentrations specific to 
wetlands and estuaries.  Many states have already began instituting effluent criteria for 
phosphorus as seen in California where certain areas have tightened this limit to 0.1 mg/L for 
total phosphorus (Dipen et al., 2004).   This conservative value of 0.1 mg/L of total phosphorus 
was used as a basis for evaluating Moss Point MUS performance.  Considering that the majority 
of the phosphorus effluent standards are being based on total phosphorus, this parameter was used 
in assessing the efficiency of the MUS (Table 3.9).  As seen in Table 3.9, required travel distance 
indicates the injection depth which would be needed to comply with the self-imposed 0.1 mg/L 
effluent standard.   
Overall, after 12 months of operation this system displayed a 95% reduction between 
total phosphorus influent and estimated surface concentrations.  Throughout this research, Bayou 
Cumbest indicated total phosphorus and orthophosphate concentrations of 0.05 and 0.02 mg-P/L, 
respectively.  This system would require 99.7% efficiency to return influent total phosphorus 
concentrations to those of Bayou Cumbest.  Treatment efficiencies of this magnitude would be 
possible when considering the actual travel path of wastewater in the system.  The conservative 
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estimates found in Table 3.9 were conservatively determined by considering the wastewater to 
travel a direct path to the surface (3.8 m).  Estimating the surface concentrations with this 
approach would only provide an estimate of concentrations within a small area around the 
injection well.  Actual plume movement within this system was shown to be mostly lateral with a 
slow rise to the surface.  Therefore, this would indicate that only a small portion of water would 
actually travel along a direct path to the surface.  Considering a direct wastewater path surfacing 
just 6.6 m radially outward from the injection well would produce levels below Bayou Cumbest 
concentrations.  In all, it must be stressed that performance efficiency of this system was 
determined extremely conservative estimates.   
3.3.3 Design Implications 
Previous MUS research on the removal of fecal coliforms and nitrogen have shown that 
acclimation of the subsurface soil matrix promotes better treatment (Richardson and Rusch, 2005; 
Richardson et al., 2004; Addo, 2004; Fontenot, 2003; and Watson Jr. and Rusch, 2002; 2001).  
Unlike these components, phosphorus does not have a permanent loss mechanism and therefore 
the MUS will have a finite capacity for storing phosphorus.  This finite capacity makes mass 
loading a vital component of the MUS longevity for treating phosphorus.  Loading rates of the 1.9 
L/min (30 min/3 hr), 2.8 L/min (30 min/3 hr) and 2.8 L/min (15 min/1 hr) are indicated in Table 
3.10 for total phosphorus, orthophosphate-P, TSS and VSS.   Each of the loading rates was based 
on the mean influent criteria for the entire study in combination with the hydraulic loading rates 
of the corresponding study. 
Table 3.10: Daily hydraulic, total phosphorus, orthophosphate-P, 
and solids loading rates for the Moss Point MUS 
 Injection Flowrate, L/min Loading Parameter 
 1.9  2.8a  2.8b 
Hydraulic Loading, L/day  196  356  150 
Total Phosphorus (unf), g/day  3.3  5.9  2.5 
Orthophosphate-P  (<1.2), g/day  2.6  4.8  2.0 
TSS, g/day  54  97  41 
VSS, g/day  29  52  22 
aaverage hydraulic loading rate of the two 2.8 L/min (30 min/3 hr) studies 
b15 min/1 hr 
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   Assessment of MUS longevity was performed using the loading rates provided in Table 
3.10 and the Freundlich capacity factor, Kf.  The Freundlich equation:  
 
n
f CK
m
x /1
=  (3-2) 
describes the adsorption trend most likely occurring in the MUS in that affinity for adsorption 
decreases as the amount of adsorption increases (Barrow, 1978).  A homogenized soil sample 
taken from within the Moss Point MUS was determined to have a Kf value of 23.3 mg/Kg in a 10 
ppt solution (see Chapter 4).  The Kf factor provides an estimation of the soil saturation capacity 
in mg orthophosphate-P/kg soil.  An estimation of 1.59 g/cm3 for bulk density was provided using 
the Bayou Segnette (2.7 – 4.6 m) sand/silt/clay layer as it had similar characteristics to that of the 
Moss Point soil.  Using these components, an estimation of time to saturation was provided for 
incremental increases in volumes of soil within the MUS.   
The geometric shape chosen to represent the movement of the plume was a vertical 
symmetric cylindrical pattern.  The cylinder was considered to have a constant height of 2.3 m 
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Figure 3.10:  Illustration of the estimated years taken for the Moss Point MUS subsurface to 
reach saturation.  Calculations considered volumes determined as a cylinder with a 
fixed height (1.4 m) and increasing vector distances 
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with increases in volume stemming from increasing radial vector distance away from the point of 
wastewater injection.  Conservatively, the filter depth was only considered to be 2.3 m so that this 
would then leave the remaining 1.5 m of soil for treatment.  Employment of this was to 
demonstrate that increasing volume was not linear with respect to vector distance.  Using the 
loading rates as determined for the 1.9 L/min (30 min/3 hr), 2.8 L/min (30 min/hr) and 2.8 L/min 
(15 min/ 1 hr) studies the years to saturation has been plotted against increasing vector distance 
(Figure 3.10). 
Figure 3.10 illustrates the concept that volume of treatment within the MUS is not linear 
with respect to vector distance.  Using the 2.3 g/day as an example, after one year the first 1.75 m 
would be saturated but after two years saturation would only have extended out to the 2.50 m 
vector distance.  After one year of operation the Moss Point MUS had not developed a noticeable 
zone of saturation within the inner ring of monitoring wells.  Estimates obtained from the graph 
for one year of operation show potential saturation between 1.75 and 2.75 m vector distance 
depending on the orthophosphate-P loading scheme.  Ultimately, it is better that the saturation 
assessment over predicted than under predicted.  These over predictions can be attributed to the 
over conservative estimates of loading schemes, influent concentrations, and assessment 
approach.   
This assessment only applies a simplistic two-dimensional analysis and does not take into 
account the possible soil underlying the 3.8 m depth nor does it take into account the soil above 
the 1.5 m monitoring well depth.  A three-dimensional assessment would be further advantageous 
and be able to demonstrate the ever-increasing volume with increasing vector distance.  However, 
at this time the plume shape is uncertain.  Future models will be able to provide more accurate 
depictions of the true capacity for phosphorus treatment within the MUS.  These models will then 
be able to provide injection depths necessary to meet desired treatment efficiencies within the 
MUS.      
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3.4 Conclusions 
The MUS proved to be an efficient alternative onsite wastewater system for reducing 
phosphorus concentrations from high strength domestic wastewater.  Performance of phosphorus 
treatment did not appear to be effected by any of the flow regimes but more on the amount of 
phosphorus injected into the system.  Typically, a longer duration of operation will correlate to a 
higher input of phosphorus to the system.  Following the initial 1.9 L/min (30 min/3 hr) study, the 
first-order rate constants demonstrated a steady decline in magnitude of which was expected with 
the phosphorus constituent.  The inner ring of monitoring wells (1.4 m vector distance) observed 
a 58% reduction of the influent total concentration.  Phosphorus does not have a permanent loss 
mechanism, thus, this was considered a result of saturation beginning to occur within the MUS.  
Estimates of predicted surface concentrations were provided to evaluate the efficiency of 
treatment before impacting the surface for each individual study.  The final 2.8 L/min (15 min/1 
hr) study provided an estimate of MUS performance efficiency after one year of operation.  Using 
these estimates it would appear that an injection depth of 6.69 m would be the required depth to 
meet the self-imposed limit of 0.1 mg/L for total phosphorus.  However, at the current injection 
depth of 3.8 m, the predicted surface concentration for total phosphorus was 0.87 mg/L.   
Under site-specific conditions the plume was demonstrated as symmetrical but with 
impedance of flow in the upward direction.  This would only serve to make better use of the 
natural filter media of which the wetland subsurface provides.  Compared to that of other 
treatment wetlands, the MUS was shown to be unique in that it has an ever expanding filter 
volume in the lateral direction.   Future three-dimensional models of the MUS will be able to 
demonstrate that each incremental increase of injection depth will further promote filter volume.  
Upon developing these models, the MUS will be shown for its true capabilities as an efficient 
onsite wastewater treatment alternative capable of long-term storage.  
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Chapter 4:  Phosphate Adsorptive Properties of Wetland Soils with a Constant pH and 
Varying Salinities  
4.1 Introduction 
Treatment wetlands provide a low-cost and low-maintenance alternative for removing 
nutrients from both domestic and industrial wastewaters, and agricultural runoff.  Diminishing 
water quality in many coastal waters has now pushed this treatment need to the forefront of 
wastewater treatment (USEPA, 1998a).  While various types of treatment wetlands have 
demonstrated different degrees of efficiency for removing phosphorus (Sakadevan and Bavor, 
1999; Drizo et al., 1997; Schreijer et al., 1997; Brix, 1994; Kadlec, 1994), performance has also 
been shown to decline after an initial equilibration period (Kadlec and Knight, 1996).  
Phosphorus dynamics within both freshwater and saltwater wetland ecosystems must be better 
understood to effectively implement nutrient management.  Enhancement of this knowledge will 
allow advancement of designs and better predictions of longevity for phosphorus removal using 
treatment wetlands. 
Phosphorus entering wetlands can be in the form of either organic or inorganic.  The 
dissolved form of inorganic orthophosphate is the most readily mobile within an aquatic 
ecosystem.  This mobility and bioavailability allows orthophosphate to be the most utilized by 
flora and flauna within a wetland.  Assimilation of this mobile form can include plant uptake, 
simple diffusion, litterfall, sedimentation, decomposition, burial and peat accretion, and sorption 
processes whether adsorption or precipitation (Debusk, 1999).  A number of processes function to 
immobilize phosphorus, however, this capacity can be either short-term or long-term.  
Phosphorus accumulation in plant biomass functions as a short term sink for phosphorus, but 
upon senescence phosphorus is released backed into the ecosystem.  Plants can be utilized as a 
permanent sink with harvesting.  However, harvesting of only the above-ground portion may be 
ineffective with much of the phosphorus being stored in the roots and rhizomes (Kadlec and 
Knight, 1996; Mitsch and Gosselink, 1986).  Microorganisms including algae are efficient at 
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removing phosphorus, however, as with plants the phosphorus is released back into the 
environment after cell death.  Where sediments are accreting in wetlands, bound inorganic and 
organic phosphorus tends to get buried into the wetland substrata and can be considered 
permanently removed.  In all, phosphorus does not have a permanent removal mechanism from a 
wetland other than burial with sedimentation and diffusion into overlaying water and transport 
with this water.  Hence, for effective phosphorus removal within in a wetland ecosystem, the 
substrates within the subsurface must function as a high capacity storage component.   
Even though there are several removal processes in a wetland subsurface environment, 
adsorption and precipitation are primarily responsible for the removal of phosphorus.   
Adsorption is a surface phenomenon that can be classified as either physical or chemical 
adsorption.  The effectiveness of each classification is highly dependent on surface area and 
chemical properties of the adsorbate.  In the presence of hydric soils, such as found in wetlands, 
inorganic forms of phosphorus can be found in the form of aluminum and iron phosphates or 
calcium phosphate.  The form is highly dependent on pH.  In general, alkaline soils will produce 
calcium precipitates and conversely in acidic soils phosphorus will precipitate with iron or 
aluminum (Reddy and D’Angelo, 1994).   
Chemical adsorption processes of phosphorus involve ligand exchange with the surfaces 
of hydrous oxides of iron and aluminum (Taylor and Ellis, 1978; Ryden et al., 1977; Parfitte et 
al., 1975; Rajan and Fox, 1975; Hingston et al., 1972).  Phosphorus adsorption to silicate clay has 
been demonstrated in much the same way (Kuo and Lotse, 1973).  Studies have demonstrated that 
both physical and chemical adsorption play a role in phosphorus removal.  Ryden et al. (1977) 
demonstrated that as soil reaches its saturation capacity, adsorption of phosphorus switches from 
chemical to physical.  When equilibrium solution concentrations are less than 1 mg/L, chemical 
adsorption is the major contributor, but beyond equilibrium concentrations of 1 mg/L, adsorption 
processes are predominately physical in nature (Ryden et al., 1977).  Chemical adsorption tends 
to be the stronger of the two adsorption mechanisms (Ryden and Syers, 1977a; b).  It has been 
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demonstrated that short-term laboratory studies provide conservative estimates as to the actual 
adsorption capacity of soil (Adriano et al., 1975; Sawney and Hill, 1975; Bower and Chaney, 
1974; Kao and Blanchar, 1973).   Studies have shown adsorption reactions to continue to remove 
phosphorus from solution for extended periods of time (Ryden et al., 1977; Kuo and Lotse, 1973).  
This occurs due to phosphorus slowly migrating into the inner complex of the soil matrix and 
transforming from physical adsorption to the more stable chemical adsorption.  Precipitation of 
crystalline iron, aluminum and calcium is a result of this transformation. 
Effects of ionic strength can also impact the adsorption mechanism.  Research has 
demonstrated that polyvalent cation salts have promoted phosphate adsorption (Ryden et al. 
1977a; Helyar et al. 1976; Ryden and Syers, 1975).  This is now important with the increasing 
number of treatment wetlands being installed within saltwater systems.  The Marshland 
Upwelling System (MUS) is a domestic wastewater treatment system currently being researched 
in coastal areas (Richardson and Rusch, 2005; Richardson et al., 2004; Fontenot, 2003; 
Richardson, 2002; Watson Jr. and Rusch, 2002; 2001; Watson Jr., 2000; Stremlau, 1994).  The 
MUS makes use of the natural physical, biological, and chemical treatment processes that 
wetlands and wetland soils provide for the reduction of organic matter, fecal pathogens, and 
nutrients from injected wastewater.  Theoretically, subsurface soil within the MUS acts as filter 
media supporting these processes as the injected freshwater travels within the system.  
Phosphorus removal within the MUS will be highly dependent on adsorption in which the effect 
of salinities on this treatment mechanism must be understood.  Studies have shown that 
adsorption of phosphate is improved on goethite in solutions of artificial seawater (Gao and 
Mucci, 2003).  
Overall, several chemical, physical and biogeochemical characteristics can regulate the 
phosphate adsorption capacity of substrates within a wetland subsurface.  The intentions of this 
paper are to provide parameters for future models assessing phosphorus removal in treatment 
wetlands in particular, the MUS.  Specifically, this study focused on the phosphorus adsorption 
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characteristics of three natural wetland soils and the influencing effects of varying salinities.  
Factors of pH and temperature were held constant while altering solution salinity concentration 
with artificial seawater.   
4.2 Materials and Methodology 
4.2.1 Soils 
Three hand-augered soil samples were collected from two separate Marshland Upwelling 
Systems (MUS).  The Bayou Segnette MUS located in Jefferson Parish, Louisiana within the 
Barataria Terrebonne Estuarine System had two distinct layers within the treatment zone.    Soils 
in this area belong to the Kenner muck series and exhibit high permeability in the organic layers 
and low permeability in the clay layers (USDA, 1983).  The site was characterized as having a 
vegetative layer from the surface to an approximate depth of 0.6 m.  Within the treatment zone, 
the first layer of the soil (BSM) analyzed was a highly organic substrate (muck) layer that ranged 
from 0.6 to 2.7 m in depth.  The second layer (BSC) of subsoil was taken from a depth of 2.7 to 
4.6 m and was characterized as a dense consolidated mixed clay, sand, silt layer.  The Moss Point 
MUS located in Moss Point, Mississippi within the Grand Bay National Estuarine Research 
Reserve was the source of the third soil material (MPC).  Although, the Moss Point MUS had 
four distinct layers within the treatment zone, a homogenized sample was taken from the two 
upper layers of soil within the Moss Point MUS.  The two layers homogenized for the purpose of 
the adsorption study were layers between depths of 0.15 to 1.2 m (layer 1) and 1.2 to 2.4 m (layer 
2).  The first layer (0.15-1.2 m) was characterized as a dark, highly organic soil analogous to that 
of a Scatlake soil series commonly found along the gulf coast of the United States.  Scatlake soils 
are semifluid mineral soils, which are generalized as very poorly drained due to mostly level 
sloping of the surrounding region (USDA, 1983).  The properties described continued into the 
second layer of soil (1.2 to 2.4 m) where a more compact layer of soil was encountered with the 
sand content of the upper layer being replaced in large portion by clay. 
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Table 4.1:  Selected soil properties for the Bayou Segnette (BS) and Moss Point 
(MP) soil samples 
Sample Content, % d50, mm d60/d10 foc, % CEC, meq/100 g 
 
Sand Silt Clay 
    
BS, 0.6 – 1.2 m 80.0 16.5 3.5 0.26 4.2 35.7 ± 1.2 52.9 
BS, 2.7 – 4.6 m 78.9 14.8 6.3 0.10 1.5 11.6 ± 2.5 21.9 
MP, 0.0 – 1.2 m 44.0 44.0 12.0 0.10 --a 9.0 ± 0.5 
MP, 1.2 – 2.4 m 37.0 40.0 23.0 0.04 --a NA 10.8
b
 
aUnable to calculate d10 values 
brepresents the CEC of the homogenized sample containing the MP (0.0 to 1.2 and 1.2 to 2.4) depth intervals 
NA – not analyzed 
Table 4.2:  Total cations for each of the soil samples as measured using an 
inductively coupled plasma atomic emission spectroscopy (ICP-AES) 
Total, mg/kg BSM BSC MPC 
Al 24,965 19,351 8,065 
Ca 7,054 8,372 597 
Cd 3 2 1 
Cr 26 23 10 
Cu 151 95 27 
Fe 18,964 18,731 4,216 
K 3,945 3,634 1,192 
Mg 7,619 7,816 1,374 
Mn 286 428 16 
Na 5,022 2,556 4,857 
Ni 24 23 4 
P 441 408 31 
Pb 29 13 7 
Si 136 392 283 
Zn 162 97 25 
Physical characteristics of the soils sampled are given in Table 4.1.  Addo (2004) provided 
the characteristics of the Bayou Segnette soil samples and Richardson (2002) characterized the 
Moss Point soils.  Identification of sand, silt and clay content for each soil sample was performed 
using sieve (ASTM C117, C136) and hydrometer analyses (ASTM D422) (Bardet, 1997; ASTM, 
1995).  Additionally, fraction of organic carbon (foc) (by weight) was measured for the soil 
samples (ASTM, 1995).  The ammonium saturation method was the method used for determining 
cation exchange capacity (CEC) for the clay layer within the Bayou Segnette MUS system 
(Chapman, 1965).  A neutral pH of 7.0 was maintained during this procedure, which involved 
using ammonium acetate to replace the exchangeable cations on the soil and then quantifying the 
adsorbed cations.  The ISE probe technique was used to quantify the NH4-N cations released from 
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the soil upon washing with a NaCl solution (APHA, 1998).  The amount of ammonium was then 
expressed as a CEC value in meq/100g (1000 meq = 1 mole of charge).  Total cations in the soil 
samples were measured using an inductively coupled plasma atomic emission spectroscopy (ICP-
AES) (Table 4.2). 
4.2.2 Batch Adsorption Study 
Air dried and sieved (<2 mm) soil samples (3 g) were equilibrated in 50 mL PET tubes 
with 30 mL solutions of varying orthophosphate and salinity concentrations.  Initial 
concentrations of 1, 2, 3, 4, 6, 8, 10, 12, 16 and 20 mg/L-P were made using K2PO4 in three 
different saline stock solutions. Stock solutions of synthetic saline water (Crystal Sea 
Marinemix®) were 0 (NANOpure®), 5, and 10 parts per thousand (ppt).  To emulate in situ MUS 
conditions, each solution of orthophosphate was adjusted to a pH of 6.75 using HCl.  A drop of 
CHCl3 (~0.1 mL) was added to each tube to inhibit microbial activity.  Control samples (no soil) 
were analyzed at concentrations of 1, 4 and 20 mg/L to assess whether orthophosphate was 
adsorbing to the sidewalls of the tube.  Tubes were slowly shaken on a reciprocal shaker.  The 
experiment was performed at a room temperature of 21ºC with no influence of light.  This 
temperature was in the range (18.6 to 23.0ºC) found within the subsurface during MUS research.  
At the end of the 48 hr period, samples were passed through a 1.2 m glass microfibre filter 
(Whatman no. 42) and analyzed for orthophosphate using the colorimetric method (4500-P E) 
(APHA, 1998).  Samples were analyzed in triplicate by performing analysis on three separate 
dates with three separate stock solutions.  Adsorption data were then fit to both Freundlich and 
Langmuir isotherm equations. 
The first of the equations used to interpret the equilibrium adsorption data was the 
Freundlich equation, which is most commonly written as: 
 
n
f CK
m
x /1
=  (4-1) 
 69 
where x equals the concentration of the solute adsorbed, m is the mass of soil, C is the equilibrium 
concentration of the solution after adsorption, and Kf (mg/kg) and 1/n are constants.  The 
constants Kf and 1/n can be solved by taking the logarithm of both sides of the equation such as: 
 
C
n
K
m
x
f log
1loglog +=





 (4-2) 
Using simple linear regression, log Kf is determined as the intercept and 1/n as the slope.  Linear 
regression analysis was carried out in SAS (9.0). 
 The traditional Langmuir equation is most commonly written as follows: 
 
CK
MCK
m
x
l
l
+
=
1
 (4-3) 
where x equals the concentration of the solute adsorbed, m is the mass of soil, C is the equilibrium 
concentration of the solution after adsorption, and Kl (L/mg) and M (mg/kg) are constants.  Often, 
the constant Kl is referred to as the bonding energy while M is the adsorption maximum.  The 
useful linear expression of this equation is often written as: 
 
M
C
MK
m
x
C
l
+=
1
 (4-4) 
with simple linear regression solving for the intercept ( )MK l1 and slope ( )M1 .  Likewise, 
linear regression analysis was performed in SAS (9.0).  The treatment impact of salinity on the 
soils was statistically investigated ( = 0.05) for both the Freundlich and Langmuir equations 
using Analysis of Covariance. 
4.3 Results and Discussion  
4.3.1 Comparison of Adsorption Equations 
The 48 hr equilibrium concentration for the control samples were all within ±10% of the 
known concentration, which according to Standard Methods for the Examination of Water and 
Wastewater is in the acceptable range for nutrient analysis (APHA, 1999) (Table 4.3).  Therefore, 
 70 
any decrease between the initial and final solution concentration was assumed to have been 
adsorbed by the soil.  Equilibrium concentrations displayed in Table 4.3 indicate the mean of the 
three replicates measured during the batch adsorption study.  The initial concentrations used in 
this study were meant to replicate the range of values observed in untreated domestic wastewater.  
Typical ranges of domestic wastewater are often 4 to 12 mg/L for total phosphorus and 3 to 8 
mg/L for inorganic phosphorus (Metcalf & Eddy, 2003).  The concentrations were overlapped at 
both the low and high end of these typical concentrations by using a range of values between 1 
and 20 mg/L-P.   
Table 4.3: Batch adsorption study summary for each of the soil samples including controls 
Mean (Standard Deviation) Cequilibrium, mg-P/L  Cinitial,  
mg-P/L BSM  BSC  MPC 
 0 ppt 5 ppt 10 ppt  0 ppt 5 ppt 10 ppt  0 ppt 5 ppt 10 ppt 
1 0.023 (0.013) 
0.019 
(0.005) 
0.023 
(0.009)  
0.252 
(0.096) 
0.051 
(0.005) 
0.078 
(0.055)  
0.339 
(0.062) 
0.213 
(0.009) 
0.164 
(0.035) 
2 0.049 (0.006) 
0.030 
(0.004) 
0.050 
(0.021)  
0.331 
(0.096) 
0.065 
(0.021) 
0.075 
(0.004)  
0.721 
(0.086) 
0.543 
(0.019) 
0.401 
(0.025) 
3 0.072 (0.019) 
0.071 
(0.026) 
0.075 
(0.007)  
0.408 
(0.150) 
0.095 
(0.008) 
0.095 
(0.011)  
1.164 
(0.110) 
0.982 
(0.031) 
0.927 
(0.066) 
4 0.128 (0.011) 
0.131 
(0.033) 
0.131 
0.031)  
0.532 
(0.212) 
0.124 
(0.039) 
0.095 
(0.050)  
1.807 
(0.031) 
1.435 
(0.043) 
1.238 
(0.185) 
6 0.421 (0.160) 
0.331 
(0.066) 
0.215 
(0.035)  
0.765 
(0.137) 
0.320 
(0.053) 
0.242 
(0.030)  
2.799 
(0.048) 
2.492 
(0.059) 
2.374 
(0.085) 
8 0.604 (0.269) 
0.478 
(0.067) 
0.914 
(0.105)  
1.266 
(0.229) 
0.624 
(0.131) 
0.558 
(0.123)  
4.177 
(0.128) 
3.679 
(0.134) 
3.492 
(0.149) 
10 0.969 (0.239) 
1.029 
(0.217) 
0.972 
(0.160)  
1.736 
(0.281) 
0.974 
(0.074) 
0.599 
(0.146)  
5.543 
(0.182) 
5.124 
(0.100) 
4.606 
(0.123) 
12 1.384 (0.216) 
1.176 
(0.211) 
1.532 
(0.279)  
2.727 
(0.241) 
1.664 
(0.210) 
1.461 
(0.775)  
6.629 
(0.533) 
6.541 
(0.298) 
6.020 
(0.135) 
16 3.406 (0.658) 
2.530 
(0.440) 
2.825 
(0.472)  
4.420 
(0.524) 
2.047 
(0.761) 
2.612 
(0.224)  
9.884 
(0.063) 
9.005 
(0.696) 
8.942 
(0.361) 
20 4.042 (0.538) 
4.102 
(0.347) 
4.935 
(0.478)  
6.686 
(1.081) 
4.779 
(0.616) 
4.861 
(0.058)  
13.311 
(0.292) 
11.585 
(1.278) 
11.078 
(1.122) 
Controls 
1 1.032 (0.011) 
0.986 
(0.084) 
1.043 
(0.013)  
1.020 
(0.027) 
1.049 
(0.037) 
1.076 
(0.021)  
1.017 
(0.009) 
1.050 
(0.014) 
1.045 
(0.011) 
4 4.114 (0.064) 
4.216 
(0.116) 
4.131 
(0.033)  
4.032 
(0.124) 
3.964 
(0.353) 
4.210 
(0.108)  
4.076 
(0.064) 
4.150 
(0.118) 
4.169 
(0.113) 
20 20.978 (0.233) 
21.306 
(0.217) 
21.635 
(0.539)  
20.608 
(0.058) 
21.800 
(0.233) 
20.813 
(0.349)  
20.950 
(0.453) 
21.443 
(0.237) 
20.923 
(1.166) 
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Table 4.4:   Coefficients of Freundlich and Langmuir adsorption isotherms for soils within the 
Bayou Segnette and Moss Point MUS  
Salinity Figure Freundlich  Langmuir 
  (1/n) Kf R2  M Kl R2 
BSM 
0 ppt 4.1(a) 0.49 85.7 0.963  162.3 1.83 0.955 
5 ppt 4.1(b) 0.48 92.8 0.970  166.7 2.10 0.977 
10 ppt 4.1(c) 0.47 84.3 0.946  159.7 1.79 0.969 
BSC 
0 ppt 4.2(a) 0.76 43.4 0.869  213.7 0.28 0.721 
5 ppt 4.2(b) 0.54 86.0 0.912  170.6 1.54 0.977 
10 ppt 4.2(c) 0.53 87.3 0.814  167.2 1.66 0.966 
MPC 
0 ppt 4.3(a) 0.63 15.2 0.986  90.0 0.21 0.984 
5 ppt 4.3(b) 0.57 20.1 0.997  101.1 0.24 0.921 
10 ppt 4.3(c) 0.53 23.3 0.993  101.9 0.30 0.923 
The BSM and BSC soil demonstrated adsorption efficiencies of 90% or greater at 
concentration values of 10 mg/L or less.  The exception to this was the BSC at 0 ppt salinity, 
which exhibited adsorption efficiencies of greater than 75% for initial solution concentration of 
10 mg-P/L or less.  The BSM soil did not appear to be greatly influenced by salinity with all 
samples of 10 mg/L or less exhibiting similar removal efficiencies.  Above 10 mg-P/L, the BSM 
and BSC soils were able to fix 77 to 90% of the orthophosphate solution.  The MPC soil showed 
the least amount of adsorption by retaining 45 to 77% of orthophosphate from initial solutions of 
10 mg-P/L or less.  Adsorption efficiencies were 33 to 50% at concentrations above 10 mg-P/L 
for the MPC soil.  Albeit slight, increasing salinity in the MPC soil seemed to enhance phosphate 
adsorption.  
Using the mean of the three replicates (Table 4.3), the equilibrium data was used to 
construct the Freundlich and Langmuir isotherms.  The results of the Freundlich and Langmuir 
fits to the data is summarized in Table 4.4.  Each of the equations used in the curve fitting 
indicated significant differences (p < 0.0001) between soils.  Higher Ca, Fe and Al contents 
indicate that a soil will have a better potential for fixation of phosphorus.  However, research has 
shown at the pH used in this study, Al and Fe would dominate the adsorption (Gielser et al., 
2005).  Hence, the high capacity of phosphate adsorption found in the BSM and BSC would seem 
largely in part to the coupling of the pH and the high Al content. Table 4.2 indicated that the 
 72 
OP Equilibrium Concentration, mg-P/L
0 1 2 3 4 5 6
O
P 
Ad
so
rb
e
d,
 
m
g-
P/
kg
 
so
il
0
50
100
150
200
Freundlich
Langmuir
OP Equilibrium Concentration, mg-P/L
0 1 2 3 4 5 6
O
P 
Ad
so
rb
ed
,
 
m
g-
P/
kg
 
so
il
0
50
100
150
200
Freundlich
Langmuir
OP Equilibrium Concentration, mg-P/L
0 1 2 3 4 5 6
O
P 
Ad
so
rb
ed
,
 
m
g-
P/
kg
 
so
il
0
50
100
150
200
Freundlich
Langmuir
(a) 
(b) 
(c) 
 
Figure 4.1: Illustration of the Freundlich and Langmuir adsorption isotherm curve fitting for the 
BSM soil equilibrated in solutions of (a) 0 ppt, (b) 5 ppt, and (c) 10 ppt.  Each data 
point is the mean of three replicates. 
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Figure 4.2: Illustration of the Freundlich and Langmuir adsorption isotherm curve fitting for the 
BSC soil equilibrated in solutions of (a) 0 ppt, (b) 5 ppt, and (c) 10 ppt.  Each data 
point is the mean of three replicates. 
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Figure 4.3: Illustration of the Freundlich and Langmuir adsorption isotherm curve fitting for the 
MPC soil equilibrated in solutions of (a) 0 ppt, (b) 5 ppt, and (c) 10 ppt.  Each data 
point is the mean of three replicates. 
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BSM and BSC had a much higher content of these cations than the MPC soil.  Therefore, as 
expected the BSM and BSC soils demonstrated larger adsorption capacities based on the Kf and 
M.   
Illustrations of the curve fittings (Figures 4.1; 4.2; 4.3) show the Freundlich equation 
provided a better fit at the mid to low range concentrations, which would agree with previous 
research (Sakadevan and Bavor, 1998; Sanyal et al. 1993; Ratowsky, 1986; Mead, 1981).  
However, the Langmuir equation appeared to capture the high concentrations.  Considering the 
range of phosphorus concentrations generally found in domestic wastewater (<12 mg-P/L), it 
seems the Freundlich equation better expresses the situation occurring within the MUS.  Barrow 
(1978) suggested that the Freundlich isotherm describes phosphate adsorption by indicating that 
the affinity for adsorption decreases exponentially as adsorption increases.  The traditional 
Langmuir equation only considered monolayer adsorption, which assumes a constant binding 
energy until all available adsorptive sites on the soil are full (Reddy et al, 1999). 
4.3.2 Influence of Salinity on Phosphate Adsorption 
Significant differences (p<0.0001) were determined between soil and salinity interactions 
when the data were fitted to both the Freundlich and Langmuir equation.  The BSM layer 
demonstrated the highest Kf of the three soils without any salinity influence.  Influence of 
salinities at the 5 and 10 ppt range showed an increase in the Kf values for the BSC and MPC 
soils.  It is thought that the influence of the synthetic saline water influenced precipitation of 
CaHPO4, thereby, increasing adsorption of phosphate in these two soils (Helyar, et al., 1976).  
This effect was not noticeable in the BSM as Kf values remained relatively constant at each of the 
salinity values.  A likely possibility is that the high CEC of this highly organic layer influenced 
the binding of the divalent Ca+2 cation and therefore reduced the influence of salinity on 
phosphate adsorption.  Both of the Kf and M values for the BSM and BSC indicated similar 
capacities for adsorbing phosphorus under salinities of 5 and 10 ppt.  In all, the MPC had 
substantially lower Kf values along with exhibiting the lowest M values over the entire range of 
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salinities.  This demonstrated that under these salinity concentrations that the MPC would provide 
the least amount of capacity for retaining phosphate.  However, the salinity concentrations were 
much higher for the region in which this soil sample was taken.  Indigenous salinity 
concentrations were approximately at seawater concentrations (~35 ppt) ranging from 30 to 32 
ppt. 
4.3.3 CEC Correlation 
Research (Sawhney, 1974; 
Mekaru and Uehara, 1972) has 
demonstrated that adsorption of 
phosphate to soils will significantly 
increase the CEC, including that of 
phosphate derived from simulated 
wastewater (Sawhney and Hill, 1975).   
This would seem to benefit the removal 
of cationic constituents within the 
wastewater.  A high CEC has also been indirectly associated with an increase in the phosphate 
adsorption capacity of a soil.  Each of the soil samples were analyzed for CEC in a 0 ppt saline 
solution.  Although there were only three data points, there seemed to be a linear correlation 
between Kf and CEC (Figure 4.4).    Reasoning for this could be the effect that CEC has on di and 
trivalent cations, which can affect the solubility of dissolved organic carbon (Oste et al, 2002; 
Reemtsma et al., 1999; Sklyllberg and Magnusson, 1995). 
4.3.4 Design Implications 
The results provided by the adsorption study give valuable information in assessing the 
phosphorus removing potential of treatment wetlands.  Although, laboratory results cannot be 
directly related to the ever changing chemical, physical, and biogeochemical field conditions in 
natural wetlands it offers valuable insight to the phosphate adsorption capacity of different 
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Figure 4.4: Illustration of the CEC versus the Kf for 
each of the soil samples 
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Table 4.5: Estimated phosphorus saturation times for each of the soil samples at 
varying salinities.  The estimated time to saturation was based on a 
substrate volume of 100 m3 and an influent concentration of 13.5 mg-P/L. 
   
Phosphorus saturation time (years) at varying  
hydraulic loading rates 
Sample ppt 
Freundlich Kf,  
mg P/kg soil 150 L/day 430 L/day 
0 85.7 1.2 0.4 
5 92.8 1.3 0.4 BSM 
10 84.3 1.2 0.4 
     
0 43.4 9.5 3.3 
5 86.0 18.7 6.5 BSC 
10 87.3 19.0 6.6 
     
0 15.2 3.3 1.1 
5 20.1 4.4 1.5 MPC 
10 23.3 5.1 1.8 
 
wetland systems.  Domestic sewage concentrations delivered into treatment wetland systems have 
been found as high as 13.5 mg/L-P for orthophosphate (see Chapter 3).  As previously mentioned, 
short-term laboratory studies provide conservative estimates for the actual adsorption capacity of 
soil (Adriano et al., 1975; Sawney and Hill, 1975; Bower and Chaney, 1974; Kao and Blanchar, 
1973).  Under field conditions the contact time of wastewater with wetland subsurface substrates 
is longer and therefore allows more contact time for phosphorus to adsorb.   
The Freundlich Kf, hydraulic loading, and dry bulk densities were used in estimating the 
time for each of the soil samples to reach saturation (Table 4.5).  Although the Langmuir M is 
used to estimate the adsorption maximum, the Freundlich Kf provides a more conservative 
estimate.  Bulk densities of organic soils are in the range of 0.05 to 0.10 g/cm3 and mineral soils 
are in the range of 1.2 to 1.7 g/cm3 (USDA, 1983).  A bulk density value of 0.10 g/cm3 was used 
as an estimate for the BSM soil.  A bulk density value of 1.59 g/cm3 was determined during a 
laboratory study using the BSC (Addo, 2004).  This bulk density value was in the range known 
for mineral soil, and therefore, was used as an estimate for the bulk density of the BSM and BSC.  
Saturation time of treatment wetlands is generally considered over a specified surface area, which 
is acceptable for surface flow treatment wetlands.  However, basing time to saturation on a 
volume basis is a more appropriate method of determining this time to saturation for subsurface 
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flow treatment wetlands such as the MUS.  Therefore, low (150 L/day) and high (430 L/day) 
hydraulic loading rates as seen in research of the MUS (Chapter 2 and 3) were used to determine 
the time to saturate 100 m3 of soil.  The volume of 100 m3 is much smaller than the true capacity 
of a MUS but was simply chosen as a base for comparing the three soils. 
The purpose of these calculations was to show that the adsorption capacity of soil is 
important but that the bulk density of the soil is also a vital component of phosphorus storage.  
The role of bulk density is demonstrated between the BSM and BSC.  While each of the soil 
samples had comparable Freundlich Kf the time to saturation for the BSM was quite rapid 
compared to that of the BSC.  This is due to the vast difference between bulk densities of the two 
soils.   This is even further demonstrated by comparing time to saturation of BSM to that of the 
MPC.   Even though, the BSM had a much lower capacity factor the time to saturation was much 
more rapid due to the low bulk density of the soil.  
4.4 Conclusions 
Statistical results determined that soil/salinity interactions have a significant impact on 
phosphate adsorption.  Therefore, time to saturation was determined for each of the soils at each 
of the varying salinities.  Results illustrated that the soils capacity to adsorb phosphate is 
important to time of saturation, however, the bulk density of a given soil is also highly important.  
This was evident upon investigating the ability of the BSM to adsorb phosphorus on a per volume 
basis.  The BSM on a per weight basis has a high capacity to adsorb phosphorus but the low bulk 
density limits the long-term storage ability of these types of soils.  Compared to a soil with a 
lower Kf the time to saturation on a per volume basis would seem to be longer term.  Overall, the 
high Kf and bulk density of the BSC would indicate that this soil would be best suited as a 
substrate in treatment wetlands.   
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 Chapter 5:  Global Discussion 
The purpose of this chapter is to pull the thesis together by discussing the major findings 
in the preceding chapters.  The scope of the thesis was to investigate the phosphorus removal 
capabilities of the MUS.  Individually, the three main chapters within this thesis evaluate: (1) the 
ability of the MUS to function under low background salinity conditions, (2) the ability of the 
system to operate under high background salinity conditions, and (3) investigate the phosphate 
adsorption capacity of the substrates from each MUS site.   
Regression analysis was performed for both the Bayou Segnette and Moss Point MUS.  
The Bayou Segnette MUS operated for two years and with regression analysis there was an 
apparent zone of saturation within the inner wells.  Specifically, the zone had extended out to 
1.55 m after approximately 16 months of operation and was further extended to 1.78 m at the 
completion of the final study (23 months).  The Moss Point MUS operated for one year.  
Obviously, there was some zone of saturation within this system but this was not displayed in the 
regression analysis.  Using the first-order constants derived from regression analysis, estimates of 
surface concentrations were predicted for each system.  Upon completion of the final study at the 
Bayou Segnette MUS, the surface concentration was estimated as 0.67 mg/L.  After, one year of 
operation at the Moss Point site surface concentrations were predicted as 0.87 mg/L.  Regression 
analysis was performed by assuming a symmetric plume outward in all directions from the point 
of wastewater injection.  Although all systems do not produce a symmetric plume, it was 
determined that assuming this plume pattern will offer a conservative estimate for predicting 
surface concentrations. 
Plume movement within each system appeared to be heavily influenced by background 
salinity conditions.  Tracing the wastewater plume within the MUS was gauged by tracking both 
phosphorus and salinity patterns within each system.  Both systems seemed to promote lateral 
dispersion of the plume but for different reasons.  In the Bayou Segnette MUS, lateral dispersion 
was influenced due to the low buoyant forces created from low indigenous salinities.  Further, 
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observations within the Bayou Segnette system displayed a non-symmetric plume.  It is thought 
that the low salinities with the Bayou Segnette system created low buoyant forces, thus, allowing 
advection to influence plume movement.  Moss Point, while having high indigenous saline pore 
water, the plume seemed to be impacted due to differing soil characteristics of the stratified soil 
layers.  Observations within this system displayed an almost symmetric plume away from the 
point of wastewater injection.  However, as the plume traveled upward within the Moss Point 
MUS, there was impedance of upward movement as the sand content of the soil was replaced by 
less permeable clay.  This promoted an outward movement of the plume as the path of least 
resistance.  Under these high salinity conditions the buoyant forces created were much greater 
than that of a low salinity regime and therefore, plume movement overcame the influence of 
advection.    
Along with influencing plume movement, it was hypothesized that differences in saline 
porewater would impact the adsorption of phosphate.  Laboratory studies were used to investigate 
this hypothesis by running batch adsorption studies on soils from each system.  Results of data 
were fitted to both the Freundlich and Langmuir isotherms.  It was statistically determined that 
soil/salinity interactions produced statistically different (p < 0.0001) results for data fitted to each 
isotherm.  Coefficients determined from the fitting of the isotherms were tied back to each of the 
MUS in an initial assessment of estimating the time to saturation for each system.   
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Chapter 6:  Global Conclusions and Recommendations 
 The MUS proved to be efficient at treating phosphorus derived from domestic 
wastewater.  According to regression analysis, performance of the MUS did not seem impacted 
by flow regimes but rather the amount of phosphorus injected into the system.  Regression 
analysis displayed an apparent zone of saturation within the Bayou Segnette MUS during the final 
two studies.  To adjust for this, analysis of the final two studies was performed by shifting the y-
axis to the outer zone of saturation.  It is recommended that in future assessments of the MUS a 
saturation coefficient be developed, which can be added to the removal equation to indicate this 
zone of saturation.  In all, the Bayou Segnette system ended with a predicted surface 
concentration of 0.67 mg/L and it was estimated that plume travel distance would need to be 6.3 
m to meet the required effluent requirement.  Although there was obviously some degree of 
saturation within the Moss Point MUS, regression analysis did not display evidence of this 
occurrence.  Moss Point ended with a predicted concentration of 0.87 mg/L and needing a travel 
distance of 6.7 m to meet effluent concentration requirements.  Predicted surface concentrations 
were predicted assuming that the wastewater took a direct path straight to the surface.  It would 
reason that from observations of the plume movement within each system that these estimated 
surface concentrations would be extremely conservative.   
For different reasons each system promoted lateral dispersion of the wastewater plume.  
Lateral dispersion increases the usable subsurface media volume and will ultimately provide a 
larger zone for treatment of phosphorus.  Two-dimensionally the time to saturation was estimated 
for each of the system.  This was provided to offer a preliminary explanation that treatment 
within the system was not linear with respect to traveled distance.  As an example, the Moss Point 
MUS with a 2.3 g/day loading rate produced a zone of saturation out to a 1.75 m radial vector 
distance but after two years this zone had only extended to 2.50 m.  Differences in time to 
saturation were much greater at longer radial vector distances, thereby, illustrating the important 
role that depth of wastewater injection plays in installing an efficient MUS.  It is recommended 
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that three-dimensional models be developed for the MUS, which would provide a truer estimate 
of the actual time to saturation within the MUS.  Using three-dimensional models in conjunction 
with the isotherm coefficients developed in this thesis will provide more accurate estimates of 
time to saturation within the system. 
The coefficients determined in this laboratory analysis were performed using 
concentrations of 1 to 20 mg/L and an equilibration time of 48 hours.  Batch adsorption studies 
were performed on the soil substrate from within each MUS system at salinities of 0, 5, and 10 
ppt.  Results indicated that Freundlich Kf were similar for the muck layer and the sand/silt/clay 
layer within the Bayou Segnette MUS.  Although, values were similar, the influence of bulk 
density plays a key role in the phosphate adsorption capacity of a wetland subsurface.  Using a 
150 L/day loading regime, time to saturation for 100 m3 of Bayou Segnette muck was 1.3 years 
and that of the Bayou Segnette sand/silt/clay layer was 18.7 years.  Further enhancement of these 
estimated times for each system to reach saturation would be provided with long-term adsorption 
studies.  Using higher orthophosphate concentrations in long-term adsorption study would supply 
the potential ability of the soil to regenerate adsorption sites.  Also, it is recommended these long-
term studies investigate the impact of surfactants and biofilm growth on phosphate adsorption.   
Researching surfactants would determine whether soaps and detergents, from the gray water input 
into the MUS, would impact phosphate adsorption.  A study including biofilm accumulation on 
the subsurface soil media would address whether this occurrence would decrease phosphate 
adsorption.  A concern is that the interaction of phosphorus with subsurface soil media will 
decrease as the thickness of this biofilm layer increases over time.   
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Appendix A:   Statistical Summary  
(Linear Regression, Comparison Analysis) 
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Bayou Segnette – Linear Regression Output - Total Phosphorus 
 
SAS Code 
 
dm 'log;clear;output;clear'; 
options nodate nonumber ps=62; 
title1 'BS TP-Linear Regression’; 
data one; 
input VD C; 
logC=log(C); 
cards; 
 
; 
proc print data=one; 
run; 
proc reg; 
model logC=VD/cli clm; 
run; 
options ps=30; 
proc print; 
plot logC*VD; 
run; 
quit; 


SAS Output  
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1.9 L/min – 30 min/hr – 4.3 m Injection Study 
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rthophosphate  
 
SAS Code 
 
dm 'log;clear;output;clear'; 
options nodate nonumber ps=62; 
title1 'BS OP-Linear Regression’; 
data one; 
input VD C; 
logC=log(C); 
cards; 
 
; 
proc print data=one; 
run; 
proc reg; 
model logC=VD/cli clm; 
run; 
options ps=30; 
proc print; 
plot logC*VD; 
run; 
quit; 

SAS Output  
 
0.9 L/min – 15 min/hr – 4.3 m Injection Study 
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

1.9 L/min – 15 min/hr – 4.3 m Injection Study 
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1.9 L/min – 30 min/hr – 4.3 m Injection Study 
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Moss Point – Linear Regression Output – Total Phosphorus  
 
SAS Code 
 
dm 'log;clear;output;clear'; 
options nodate nonumber ps=62; 
title1 'MP TP-Linear Regression’; 
data one; 
input VD C; 
logC=log(C); 
cards; 
 
; 
proc print data=one; 
run; 
proc reg; 
model logC=VD/cli clm; 
run; 
options ps=30; 
proc print; 
plot logC*VD; 
run; 
quit; 

SAS Output  
 
1.9 L/min – 30 min/3 hr Study 
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5.5 L/min – 30 min/3 hr Study 
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2.8 L/min – 30 min/3 hr Study 
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Synthetic Wastewater Study 
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2.8 L/min – 15 min/1 hr Study 
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
Orthophosphate  
 
SAS Code 
 
dm 'log;clear;output;clear'; 
options nodate nonumber ps=62; 
title1 'MP OP-Linear Regression’; 
data one; 
input VD C; 
logC=log(C); 
cards; 
 
; 
proc print data=one; 
run; 
proc reg; 
model logC=VD/cli clm; 
run; 
options ps=30; 
proc print; 
plot logC*VD; 
run; 
quit; 

SAS Output  
 
1.9 L/min – 30 min/3 hr Study 
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5.5 L/min – 30 min/3 hr Study 
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2.8 L/min – 30 min/3 hr Study 
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
Synthetic Wastewater Study 
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2.8 L/min – 15 min/1 hr Study 
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Bayou Segnette – SAS Comparison Output - Influent Total Phosphorus  
 
Options nonumber nodate; 
Title "BS_TP Influent Concentration"; 
Data Means; 
Input Study Conc @@; 
Datalines; 
 
; 
Proc Sort;  
by Study;  
Run; 
Proc Print; 
Run; 
Proc Means; 
By Study; Run; 
 
Proc GLM; 
Class Study; 
Model Conc=Study; 
LSMEANS Study/STDERR PDIFF; 
Means Study/LSD Bon Tukey Lines; 
Run; 
 
SAS Output  
 
Study 1: 5.5 L/min - 15 min/hr - 6.1 m injection 
Study 2: 0.9 L/min - 15 min/hr - 4.3 m injection 
Study 3: 1.9 L/min - 15 min/hr - 4.3 m injection 
Study 4: 1.9 L/min - 30 min/hr - 4.3 m injection 
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Influent Orthophosphate  
 
Options nonumber nodate; 
Title "BS_OP Influent Concentration"; 
Data Means; 
Input Study Conc @@; 
Datalines; 
 
; 
Proc Sort;  
by Study;  
Run; 
Proc Print; 
Run; 
Proc Means; 
By Study; Run; 
 
Proc GLM; 
Class Study; 
Model Conc=Study; 
LSMEANS Study/STDERR PDIFF; 
Means Study/LSD Bon Tukey Lines; 
Run; 
 
SAS Output  
 
Study 1: 5.5 L/min - 15 min/hr - 6.1 m injection 
Study 2: 0.9 L/min - 15 min/hr - 4.3 m injection 
Study 3: 1.9 L/min - 15 min/hr - 4.3 m injection 
Study 4: 1.9 L/min - 30 min/hr - 4.3 m injection 
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Moss Point – SAS Comparison Output - Influent Total Phosphorus  
 
Options nonumber nodate; 
Title "MP_TP Influent Concentration"; 
Data Means; 
Input Study Conc @@; 
Datalines; 
 
; 
Proc Sort;  
by Study;  
Run; 
Proc Print; 
Run; 
Proc Means; 
By Study; Run; 
 
Proc GLM; 
Class Study; 
Model Conc=Study; 
LSMEANS Study/STDERR PDIFF; 
Means Study/LSD Bon Tukey Lines; 
Run; 
 
SAS Output  
 
Study 1: 1.9 L/min - 30 min/3 hr  
Study 2: 5.5 L/min - 30 min/3 hr 
Study 3: 2.8 L/min - 30 min/3 hr  
Study 4: 2.8 L/min - 30 min/3 hr  
Study 5:  2.8 L/min - 30 min/1 hr 
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 Influent Orthophosphate  
 
Options nonumber nodate; 
Title "MP_OP Influent Concentration"; 
Data Means; 
Input Study Conc @@; 
Datalines; 
 
; 
Proc Sort;  
by Study;  
Run; 
Proc Print; 
Run; 
Proc Means; 
By Study; Run; 
 
Proc GLM; 
Class Study; 
Model Conc=Study; 
LSMEANS Study/STDERR PDIFF; 
Means Study/LSD Bon Tukey Lines; 
Run; 
 
SAS Output  
 
Study 1: 1.9 L/min - 30 min/3 hr  
Study 2: 5.5 L/min - 30 min/3 hr 
Study 3: 2.8 L/min - 30 min/3 hr  
Study 4: 2.8 L/min - 30 min/3 hr  
Study 5:  2.8 L/min - 30 min/1 hr 
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Bayou Segnette – SAS Comparison Output - Salinity 
 
Options nonumber nodate; 
Title "BS_Salinity"; 
Data Means; 
Input Study Salinity @@; 
Datalines; 
 
; 
Proc Sort;  
by Study;  
Run; 
Proc Print; 
Run; 
Proc Means; 
By Study; Run; 
 
Proc GLM; 
Class Study; 
Model Salinity=Study; 
LSMEANS Study/STDERR PDIFF; 
Means Study/LSD Bon Tukey Lines; 
Run; 
 
SAS Output  
 
Study 2: 0.9 L/min - 15 min/hr - 4.3 m injection 
Study 3: 1.9 L/min - 15 min/hr - 4.3 m injection 
Study 4: 1.9 L/min - 30 min/hr - 4.3 m injection 
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 pH 
 
Options nonumber nodate; 
Title "BS_pH"; 
Data Means; 
Input Study pH @@; 
Datalines; 
 
; 
Proc Sort;  
by Study;  
Run; 
Proc Print; 
Run; 
Proc Means; 
By Study; Run; 
 
Proc GLM; 
Class Study; 
Model pH=Study; 
LSMEANS Study/STDERR PDIFF; 
Means Study/LSD Bon Tukey Lines; 
Run; 
 
SAS Output  
 
Study 2: 0.9 L/min - 15 min/hr - 4.3 m injection 
Study 3: 1.9 L/min - 15 min/hr - 4.3 m injection 
Study 4: 1.9 L/min - 30 min/hr - 4.3 m injection 
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Temperature 
 
Options nonumber nodate; 
Title "BS_Temperature"; 
Data Means; 
Input Study temp @@; 
Datalines; 
 
; 
Proc Sort;  
by Study;  
Run; 
Proc Print; 
Run; 
Proc Means; 
By Study; Run; 
 
Proc GLM; 
Class Study; 
Model temp=Study; 
LSMEANS Study/STDERR PDIFF; 
Means Study/LSD Bon Tukey Lines; 
Run; 
 
SAS Output  
 
Study 2: 0.9 L/min - 15 min/hr - 4.3 m injection 
Study 3: 1.9 L/min - 15 min/hr - 4.3 m injection 
Study 4: 1.9 L/min - 30 min/hr - 4.3 m injection 
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Redox Potential 
 
Options nonumber nodate; 
Title "BS_Redox_2.7 m Wells"; 
Data Means; 
Input Study Redox @@; 
Datalines; 
 
; 
Proc Sort;  
by Study;  
Run; 
Proc Print; 
Run; 
Proc Means; 
By Study; Run; 
 
Proc GLM; 
Class Study; 
Model Redox=Study; 
LSMEANS Study/STDERR PDIFF; 
Means Study/LSD Bon Tukey Lines; 
Run; 
SAS Output  
 
Study 22.7: 0.9 L/min - 15 min/hr - 4.3 m injection at 2.7 m well 
Study 32.7: 1.9 L/min - 15 min/hr - 4.3 m injection at 2.7 m well 
Study 42.7: 1.9 L/min - 30 min/hr - 4.3 m injection at 2.7 m well 
Study 24.3: 0.9 L/min - 15 min/hr - 4.3 m injection at 4.3 m well 
Study 34.3: 1.9 L/min - 15 min/hr - 4.3 m injection at 4.3 m well 
Study 44.3: 1.9 L/min - 30 min/hr - 4.3 m injection at 4.3 m well 
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Appendix B:  Bayou Segnette Mesh Plots  
(Orthophosphate and Salinity)  
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Bayou Segnette – Orthophosphate – 4.6 m Monitoring Wells 
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4.3 m Monitoring Wells 
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2.7 m Monitoring Wells 
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Bayou Segnette – Salinity – 4.6 m Monitoring Wells 
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Appendix C:  Moss Point Mesh Plots  
(Orthophosphate and Salinity) 
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Appendix D:    Bayou Segnette Field Data  
(Total Phosphorus and Orthophosphate) 
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Data Summary – Bayou Segnette – Total Phosphorus, mg/L  
Coordinates (m)       Sample ID 
x y z 
Vector 
Distance (m) Average Std. Dev. Count 
BS Canal         0.091 0.066 28 
Influent Fil.         12.389 3.307 24 
Influent Unfil.         14.098 3.163 22 
AE-15 0.91 -0.30 0.00 0.96 8.908 3.664 19 
BE-15 0.00 -0.30 0.91 0.96 5.773 2.080 20 
CE-15 -0.91 -0.30 0.00 0.96 7.697 1.957 20 
DE-15 0.00 -0.30 -0.91 0.96 11.055 2.239 20 
EE-15 1.52 -0.30 0.00 1.55 9.002 3.116 23 
FE-15 0.00 -0.30 1.52 1.55 7.850 3.973 21 
GE-15 -1.52 -0.30 0.00 1.55 1.782 1.029 21 
HE-15 0.00 -0.30 1.52 1.55 11.089 2.818 21 
EE-20 1.52 -1.83 0.00 2.38 0.181   1 
FE-20 0.00 -1.83 1.52 2.38 0.140 0.177 2 
GE-20 -1.52 -1.83 0.00 2.38 
    0 
HE-20 0.00 -1.83 -1.52 2.38 
    0 
AE-9 0.91 1.52 0.00 1.78 8.834 2.307 11 
BE-9 0.00 1.52 0.91 1.78 6.928 1.238 12 
CE-9 -0.91 1.52 0.00 1.78 6.552 1.999 5 
DE-9 0.00 1.52 -0.91 1.78 7.476 3.334 11 
IE-14 3.05 0.00 0.00 3.05 5.518 4.041 13 
JE-14 0.00 0.00 3.05 3.05 0.849 0.778 13 
KE-14 -3.05 0.00 0.00 3.05 0.281 0.292 13 
LE-14 0.00 0.00 -3.05 3.05 1.685 1.365 13 
IE-20 3.05 -1.83 0.00 3.55 0.134 0.121 4 
KE-20 -3.05 -1.83 0.00 3.55 0.098   1 
LE-20 0.00 -1.83 -3.05 3.55 0.137 0.113 2 
EE-25 1.52 -3.35 0.00 3.68 
    0 
FE-25 0.00 -3.35 1.52 3.68 
    0 
GE-25 -1.52 -3.35 0.00 3.68 
    0 
HE-25 0.00 -3.35 -1.52 3.68 0.175 0.040 2 
JE-25 0.00 -3.35 3.05 4.53 
    0 
ME-13 4.57 0.30 0.00 4.58 0.051 0.024 12 
NE-13 3.23 0.30 3.23 4.58 0.198 0.343 9 
OE-13 0.00 0.30 4.57 4.58 0.034 0.017 10 
PE-13 -3.23 0.30 3.23 4.58 0.130 0.203 11 
QE-13 -4.57 0.30 0.00 4.58 0.137 0.167 11 
RE-9 6.10 1.52 0.00 6.28 0.151 0.138 7 
SE-9 4.31 1.52 4.31 6.28 0.106 0.063 7 
TE-9 0.00 1.52 6.10 6.28 0.147 0.163 6 
UE-9 -4.31 1.52 4.31 6.28 0.144 0.162 7 
VE-9 -6.10 1.52 0.00 6.28 0.056 0.054 7 
BKGD Well         0.031 0.011 8 
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 BKGD 5.5 L/min – 15 min/hr – 6.1 m Injection Sample ID 
8/14/02 12/1/02 12/16/02 12/26/02 12/30/02 2/3/03 3/10/03 
BS Canal 0.015 0.368 0.045 0.033 0.033 0.067 0.088 
Influent Filt.           10.202 8.570 
Influent Unfilt.   18.875   11.753 11.263   9.241 
AE-15 0.047         1.583 0.857 
BE-15 0.031         9.100 8.366 
CE-15 0.207         9.141 8.611 
DE-15 0.015         9.345 7.876 
EE-15 0.024         1.420 2.408 
FE-15 0.066         5.468 5.836 
GE-15 1.25         0.865 1.183 
HE-15 0.066         4.081   
EE-20 0.021             
FE-20 0.056         0.015   
GE-20 0.313             
HE-20 0.015             
AE-9             
BE-9             
CE-9             
DE-9               
IE-14             
  
JE-14             
  
KE-14             
  
LE-14             
  
IE-20 0.015           0.090 
KE-20 0.079           0.098 
LE-20 0.012           0.057 
EE-25 0.137             
FE-25 0.756             
GE-25 0.647             
HE-25 0.097             
JE-25 0.265             
ME-13             
  
NE-13             
  
OE-13             
  
PE-13             
  
QE-13             
  
RE-9             
  
SE-9             
  
TE-9             
  
UE-9             
  
VE-9             
  
BKGD Well               
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0.9 L/min – 15 min/hr – 4.3 m Injection  Sample ID 
4/9/03 5/19/03 5/29/03 6/11/03 6/23/03 7/7/03 7/21/03 
BS Canal 0.067 0.105 0.076 0.095 0.095 0.226 0.127 
Influent Filt. 5.468 10.511 15.142 11.469 10.671 13.226 18.974 
Influent Unfilt. 11.834         14.184 13.864 
AE-15 1.600           9.367 
BE-15 9.672 9.487         7.730 
CE-15 14.160 8.848         9.407 
DE-15 5.672 10.684         11.802 
EE-15 3.134 9.287 8.968   9.407 8.130 10.046 
FE-15 3.958 4.561     5.982 4.617   
GE-15 1.543 0.825 0.825     2.461   
HE-15 6.513 10.126 10.285     8.768 13.159 
EE-20             0.181 
FE-20     0.266         
GE-20               
HE-20               
AE-9             
BE-9             
CE-9             
DE-9               
IE-14               
JE-14               
KE-14               
LE-14               
IE-20 0.047   0.314 0.086       
KE-20               
LE-20               
EE-25               
FE-25               
GE-25               
HE-25 0.147       0.204     
JE-25               
ME-13       0.060   0.076   
NE-13           0.079   
OE-13       0.044       
PE-13       0.067       
QE-13       0.079       
RE-9               
SE-9               
TE-9               
UE-9               
VE-9               
BKGD Well               
 
 176 
  
 Cont’d    Sample ID 
8/4/03 8/22/03 9/8/03 10/6/03 11/3/03 12/1/03 1/12/04 
BS Canal   0.114 0.076 0.041 0.082 0.074 
Influent Filt.   13.385 11.469 12.906 15.621 14.024 
Influent Unfilt.   14.503 13.066 15.461 16.419 17.217 
AE-15   8.928 8.050 7.331 10.764 11.163 
BE-15   6.214 6.214 5.655 6.214 5.735 
CE-15   6.772 6.932 6.134 6.932 5.974 
DE-15   11.882 11.004 10.285 12.042 11.962 
EE-15   8.888 7.890 6.373 11.163 11.523 
FE-15   1.024 1.104 1.048 11.084 11.643 
GE-15   0.537 0.809 0.793 0.942 1.583 
HE-15   10.684 10.205 9.806 12.521 12.441 
EE-20        
FE-20        
GE-20        
HE-20        
AE-9      3.699 5.902 
BE-9      5.392 5.711 
CE-9      4.114 4.817 
DE-9      2.517 3.316 
IE-14    0.095 0.028 7.723  
JE-14    0.044 0.022 0.057  
KE-14    0.025 0.019 0.044  
LE-14    0.031 0.079 0.254  
IE-20        
KE-20        
LE-20   0.217     
EE-25        
FE-25        
GE-25        
HE-25        
JE-25        
ME-13   0.095 0.031 0.035 0.022 0.063 
NE-13   0.079 0.022  0.028 0.031 
OE-13   0.031 0.025 0.012 0.025 0.031 
PE-13   0.111 0.047 0.057 0.022 0.022 
QE-13   0.057 0.201 0.031 0.175 0.025 
RE-9    0.035 0.019   
SE-9    0.121 0.051   
TE-9     0.025   
UE-9    0.073 0.012   
VE-9    0.035 0.009   
BKGD Well        
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 1.9 L/min – 15 min/hr – 4.3 m Injection   1.9 L/min – 30 min/hr - Sample ID 
1/26/04 2/9/04 3/1/04 3/22/04 4/12/04 5/3/04 6/2/04 
BS Canal 0.076 0.082 0.047 0.051 0.047 0.108 0.102 
Influent Filt. 9.713 8.914 8.595 17.537 15.940 13.864 17.856 
Influent Unfilt. 10.511 10.192 10.671 21.209 17.058 14.663 18.814 
AE-15 9.447 9.806 9.607 11.163 12.281 12.521 13.199 
BE-15 5.256 4.856 3.659 3.380 4.114 3.827 4.561 
CE-15 6.772 7.531 5.335 4.936 6.852 8.210 8.369 
DE-15 9.726 9.088 9.487 11.283 14.676 14.916 14.117 
EE-15 9.008 9.487 9.088 11.323 12.361 12.840 13.479 
FE-15 9.567 9.407 9.806 11.323 11.163 12.361 12.920 
GE-15 2.262 3.339 1.423 1.503 3.260 2.381 2.421 
HE-15 10.924 7.331 10.605 10.844 14.517 14.596 14.756 
EE-20               
FE-20               
GE-20               
HE-20               
AE-9 
  9.000 8.130 8.609 9.327 9.088 10.365 
BE-9 6.669 7.755 7.012 8.369 8.529 8.529 7.331 
CE-9 
        7.491     
DE-9 2.262   5.974 8.848 8.848 9.168 9.726 
IE-14 4.058 3.379 4.737 7.563 6.693 6.054 6.533 
JE-14 1.603 1.464 0.218 0.067 1.578 0.780 2.313 
KE-14 0.044 0.708 0.282 0.017 0.971 0.237 0.385 
LE-14 2.142 2.381 0.346 0.954 3.419 1.743 3.579 
IE-20               
KE-20               
LE-20               
EE-25               
FE-25               
GE-25               
HE-25               
JE-25               
ME-13   0.079 0.044   0.047 0.022   
NE-13   1.034 0.022   1.23     
OE-13     0.038   0.076 0.025   
PE-13   0.046 0.019   0.692 0.051   
QE-13   0.338 0.022   0.536 0.019   
RE-9 0.194     0.038     0.379 
SE-9 0.118     0.025     0.076 
TE-9 0.098     0.086     0.475 
UE-9 0.121     0.019     0.399 
VE-9 0.089     0.012     0.057 
BKGD Well     0.028 0.019 0.035 0.035 0.044 
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  4.3 m Injection Sample ID 
6/23/04 7/14/04 8/3/04 
BS Canal 0.076 0.073 0.079 
Influent Filt. 11.469 10.990 10.830 
Influent Unfilt. 13.545 13.864 11.948 
AE-15 11.044 10.365 10.166 
BE-15 3.923 3.667 3.827 
CE-15 7.890 8.210 6.932 
DE-15 12.920 11.643 10.684 
EE-15 10.804 10.046 9.966 
FE-15 11.403 10.126 10.445 
GE-15 4.457 2.422 1.591 
HE-15 14.197 13.359 13.159 
EE-20       
FE-20       
GE-20       
HE-20       
AE-9 11.563 10.365 11.124 
BE-9 5.016 5.814 7.012 
CE-9 
  7.491 8.848 
DE-9 10.126 10.764 10.684 
IE-14 15.076 8.449 1.344 
JE-14 0.508 0.793 1.594 
KE-14 0.360 0.156 0.402 
LE-14 3.954 1.815 1.208 
IE-20       
KE-20       
LE-20       
EE-25       
FE-25       
GE-25       
HE-25       
JE-25       
ME-13 0.035     
NE-13 0.031     
OE-13 0.030     
PE-13 0.300     
QE-13 0.028     
RE-9   0.277 0.118 
SE-9   0.217 0.137 
TE-9   0.092 0.108 
UE-9   0.349 0.035 
VE-9   0.162 0.031 
BKGD Well 0.047 0.019 0.025 
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Orthophosphate, mg/L-P 
Coordinates (m) 
  
Sample ID 
x y z 
Vector 
Distance (m) Average Std. Dev. Count 
BS Canal         0.060 0.048 31 
Influent Fil.         11.314 2.934 31 
AE-15 0.91 -0.30 0.00 0.96 8.238 3.458 21 
BE-15 0.00 -0.30 0.91 0.96 6.180 2.513 22 
CE-15 -0.91 -0.30 0.00 0.96 7.007 1.165 22 
DE-15 0.00 -0.30 -0.91 0.96 10.629 2.050 22 
EE-15 1.52 -0.30 0.00 1.55 8.268 3.143 25 
FE-15 0.00 -0.30 1.52 1.55 6.636 4.288 23 
GE-15 -1.52 -0.30 0.00 1.55 1.354 2.939 22 
HE-15 0.00 -0.30 1.52 1.55 10.132 3.371 23 
EE-20 1.52 -1.83 0.00 2.38 1.200   1 
FE-20 0.00 -1.83 1.52 2.38 0.130 0.034 2 
GE-20 -1.52 -1.83 0.00 2.38 0.541   1 
HE-20 0.00 -1.83 -1.52 2.38 0.027   1 
IE-14 3.05 0.00 0.00 3.05 3.093 3.516 16 
JE-14 0.00 0.00 -3.05 3.05 0.354 0.668 16 
KE-14 0.00 0.00 3.05 3.05 0.163 0.261 16 
LE-14 -3.05 0.00 0.00 3.05 2.206 3.801 16 
AE-9 3.05 1.83 0.00 3.55 7.908 2.426 13 
BE-9 0.00 1.83 3.05 3.55 7.370 1.493 14 
CE-9 -3.05 1.83 0.00 3.55 5.488 1.755 7 
DE-9 0.00 1.83 -3.05 3.55 7.107 3.032 14 
IE-20 3.05 -1.83 0.00 3.55 0.108 0.103 5 
KE-20 -3.05 -1.83 0.00 3.55 0.130   1 
LE-20 0.00 -1.83 -3.05 3.55 0.131 0.078 2 
EE-25 1.52 -3.35 0.00 3.68     0 
FE-25 0.00 -3.35 1.52 3.68     0 
GE-25 -1.52 -3.35 0.00 3.68     0 
HE-25 0.00 -3.35 -1.52 3.68 1.116 1.343 2 
JE-25 0.00 -3.35 3.05 4.53     0 
ME-13 4.57 0.30 0.00 4.58 0.023 0.020 14 
NE-13 3.23 0.30 3.23 4.58 0.060 0.115 13 
OE-13 0.00 0.30 4.57 4.58 0.012 0.017 11 
PE-13 -3.23 0.30 3.23 4.58 0.162 0.266 12 
QE-13 -4.57 0.30 0.00 4.58 0.132 0.160 12 
RE-9 6.10 1.52 0.00 6.28 0.056 0.121 10 
SE-9 4.31 1.52 4.31 6.28 0.043 0.068 9 
TE-9 0.00 1.52 6.10 6.28 0.034 0.153 8 
UE-9 -4.31 1.52 4.31 6.28 0.040 0.153 8 
VE-9 -6.10 1.52 0.00 6.28 0.027 0.048 8 
BKGD Well         0.020 0.008 10 
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BKGD 5.5 L/min – 15 min/hr – 6.1 m Injection Sample ID 
8/14/02 12/1/02 12/16/02 12/26/02 12/30/02 2/3/03 3/10/03 
BS Canal  0.244 0.029   0.021 0.057 0.044 
Influent Fil.   14.516   10.961 8.565 9.776 9.223 
AE-15 0.008         1.813 1.136 
BE-15 0.003         9.154 9.272 
CE-15 0.004         9.588 9.312 
DE-15 0.000         9.272 7.613 
EE-15 0.014         1.481 0.859 
FE-15 0.009         4.847 4.928 
GE-15 0.003         1.197 0.833 
HE-15 0.003         0.360   
EE-20 0.000             
FE-20 0.012         0.154   
GE-20 0.004             
HE-20 0.003             
IE-14               
JE-14               
KE-14               
LE-14               
AE-9               
BE-9              
CE-9              
DE-9               
IE-20 0.000          0.091 
KE-20 0.003           0.130 
LE-20 0.000           0.075 
EE-25 0.019             
FE-25 0.022             
GE-25 0.052             
HE-25 0.036             
JE-25 0.015             
ME-13               
NE-13               
OE-13               
PE-13               
QE-13               
RE-9               
SE-9               
TE-9               
UE-9               
VE-9               
BKGD Well               
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0.9 L/min – 15 min/hr – 4.3 m Injection Sample ID 
4/9/03 5/19/03 5/29/03 6/11/03 6/23/03 7/7/03 7/21/03 
BS Canal 0.061 0.066 0.030 0.042 0.064 0.166 0.096 
Influent Fil. 5.510 9.381 11.119 8.236 9.798 12.675 11.278 
AE-15 1.584           8.639 
BE-15 12.393 8.245         6.995 
CE-15 6.863 7.416         7.529 
DE-15 6.863 9.430         10.365 
EE-15 3.377 9.430 7.100   8.228 7.529 8.886 
FE-15 4.355 4.294     6.135 4.406   
GE-15 0.883 1.434 1.781     2.351   
HE-15 7.517 7.258 8.765     10.489 10.037 
EE-20             1.200 
FE-20     0.107         
GE-20               
HE-20               
IE-14               
JE-14               
KE-14               
LE-14               
AE-9               
BE-9               
CE-9               
DE-9               
IE-20 0.038   0.138 0.004       
KE-20               
LE-20               
EE-25               
FE-25               
GE-25               
HE-25 2.066       0.166     
JE-25               
ME-13       0.002   0.028   
NE-13           0.028   
OE-13       0.004       
PE-13       0.002       
QE-13       0.005       
RE-9         0.135     
SE-9               
TE-9               
UE-9               
VE-9               
BKGD Well               
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Cont’d   Sample ID 
8/4/03 8/22/03 9/8/03 10/6/03 11/3/03 12/1/03 1/12/04 
BS Canal 0.063 0.099 0.069 0.030 0.023 0.050 0.046 
Influent Fil. 10.538 13.826 13.333 11.195 13.086 15.552 13.333 
AE-15   7.776 9.091 7.858 7.447 10.859 10.941 
BE-15   6.749 5.927 6.009 5.598 6.173 5.392 
CE-15   7.283 6.132 6.831 6.255 6.954 5.885 
DE-15   11.187 11.023 11.146 10.530 12.400 11.722 
EE-15 8.968   8.598 7.529 6.707 11.146 11.187 
FE-15 0.460   0.460 0.789 1.077 11.068 11.722 
GE-15     0.332 0.644 0.727 0.862 1.077 
HE-15 8.845   10.489 10.530 10.201 12.421 12.215 
EE-20               
FE-20               
GE-20   0.541           
HE-20 0.027             
IE-14 0.013 0.013   0.069 0.009 0.773   
JE-14 0.004 0.004   0.022 0.005 0.033   
KE-14 0.007 0.007   0.007 0.009 0.015   
LE-14 0.000 0.000   0.005 0.073 0.144   
AE-9           3.669 5.872 
BE-9           5.264 5.659 
CE-9           4.228 4.787 
DE-9           2.502 3.226 
IE-20               
KE-20               
LE-20     0.186         
EE-25               
FE-25               
GE-25               
HE-25               
JE-25               
ME-13 0.009   0.063 0.009 0.020 0.018 0.010 
NE-13 0.010   0.064 0.013 0.007 0.022 0.010 
OE-13     0.012 0.005 0.009 0.015 0.013 
PE-13     0.081 0.022 0.023 0.025 0.017 
QE-13     0.028 0.196 0.030 0.163 0.012 
RE-9 0.005     0.015 0.012     
SE-9 0.005     0.107 0.009     
TE-9   0.030     0.010     
UE-9       0.053 0.009     
VE-9       0.015 0.009     
BKGD Well               
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  1.9 L/min – 15 min/hr – 4.3 m Injection    1.9 L/min – 30 min/hr- Sample ID 
1/26/04 2/9/04 3/1/04 3/22/04 4/12/04 5/3/04 6/2/04 
BS Canal 0.018 0.060 0.015 0.033 0.009 0.061 0.068 
Influent Fil. 9.469 7.743 7.990 17.196 15.552 13.004 17.977 
AE-15 10.037 9.338 9.626 10.530 12.462 12.667 13.571 
BE-15 5.269 5.063 3.666 3.456 1.762 3.932 2.009 
CE-15 6.749 7.118 5.289 5.022 6.584 8.310 8.639 
DE-15 9.790 9.132 9.708 11.229 14.393 14.887 14.599 
EE-15 9.585 9.215 9.585 10.448 12.462 13.037 13.777 
FE-15 10.283 9.543 10.119 11.146 11.311 12.503 13.654 
GE-15 2.269 3.091 1.241 0.562 2.803 0.940 2.474 
HE-15 11.393 10.818 10.735 11.023 14.393 14.887 14.969 
EE-20               
FE-20               
GE-20               
HE-20               
IE-14 4.570 3.132 5.034 7.648 6.543 6.214 6.831 
JE-14 0.160 1.351 0.126 0.048 1.493 0.651 2.287 
KE-14 0.036 0.684 0.085 0.017 0.844 0.084 0.067 
LE-14 2.145 2.022 0.299 0.942 2.967 15.668 3.584 
AE-9   9.144 8.310 9.030 8.886 10.448 11.023 
BE-9 6.596 7.664 7.201 8.804 8.269 9.502 7.776 
CE-9         7.447     
DE-9 5.807 9.900 6.666 9.338 9.050 10.365 10.489 
IE-20     0.268         
KE-20               
LE-20               
EE-25               
FE-25               
GE-25               
HE-25               
JE-25               
ME-13   0.069 0.012   0.007 0.025   
NE-13   0.020 0.018   0.433 0.034   
OE-13     0.028   0.005 0.020   
PE-13   0.766 0.022   0.645 0.018   
QE-13   0.332 0.027   0.502 0.030   
RE-9 0.172     0.025 0.025   0.362 
SE-9 0.101     0.017 0.017   0.060 
TE-9 0.084     0.022 0.022   0.471 
UE-9 0.107     0.017 0.017   0.388 
VE-9 0.083     0.015 0.015   0.040 
BKGD Well     0.028 0.025 0.005 0.020 0.013 
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4.3 m Injection Sample ID 
6/23/04 7/14/04 8/3/04 9/24/04 10/15/04 
BS Canal 0.048 0.046 0.051 0.025 0.129 
Influent Fil. 10.538 10.291 10.620 8.072 8.729 
AE-15 11.270 10.283 9.954 9.667   
BE-15 3.916 3.702 3.809 4.804   
CE-15 7.920 7.982 7.036 6.338   
DE-15 13.078 11.681 10.982 10.900   
EE-15 11.229 9.831 9.934   8.557 
FE-15 11.927 9.913 10.160   8.639 
GE-15 14.640 2.387 1.598   0.184 
HE-15 4.200 13.736 13.489   11.229 
EE-20           
FE-20           
GE-20           
HE-20           
IE-14 8.886 8.434 8.351 8.742   
JE-14 0.445 0.677 0.224 0.380   
KE-14 0.341 0.129 0.403 0.013   
LE-14 4.015 1.516 2.108 1.351   
AE-9 12.462 9.174 11.681 11.722 9.626 
BE-9 5.187 5.885 7.201 9.667 8.393 
CE-9   7.324 8.968 8.228 6.153 
DE-9 10.694 11.187 11.311 11.434 11.229 
IE-20           
KE-20           
LE-20           
EE-25           
FE-25           
GE-25           
HE-25           
JE-25           
ME-13 0.012       0.013 
NE-13 0.015      0.078 
OE-13 0.007      0.061 
PE-13 0.283      0.038 
QE-13 0.005       0.004 
RE-9   0.254 0.106    
SE-9   0.203 0.127    
TE-9   0.068 0.086    
UE-9   0.326 0.017    
VE-9   0.143 0.015    
BKGD Well 0.035 0.013 0.018 0.018 0.017 
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Appendix E:   Bayou Segnette In Situ Data 
(Salinity, pH, Temperature, and Redox Potential) 
 188 
Data Summary – Bayou Segnette – Salinity, ppt 
Coordinates (m)  
   
Sample ID 
x y z 
Vector 
Distance (m) Average Std. Dev Count 
BS Canal         1.1 2.5 29.0 
Influent             0.0 
AE-15 0.91 -0.30 0.00 0.96 2.5 2.5 33 
BE-15 0.00 -0.30 0.91 0.96 3.3 2.1 36 
CE-15 -0.91 -0.30 0.00 0.96 3.3 2.7 35 
DE-15 0.00 -0.30 -0.91 0.96 2.7 3.0 33 
EE-15 1.52 -0.30 0.00 1.55 3.6 3.1 34 
FE-15 0.00 -0.30 1.52 1.55 3.4 3.0 33 
GE-15 -1.52 -0.30 0.00 1.55 4.1 3.2 34 
HE-15 0.00 -0.30 -1.52 1.55 3.3 3.5 34 
EE-20 1.52 -1.83 0.00 2.38 10.7 2.0 13 
FE-20 0.00 -1.83 1.52 2.38 10.3 1.8 14 
GE-20 -1.52 -1.83 0.00 2.38 8.4 3.3 14 
HE-20 0.00 -1.83 -1.52 2.38 10.9 2.0 14 
AE-9 0.91 1.52 0.00 1.78 1.3 1.2 19 
BE-9 0.00 1.52 0.91 1.78 1.5 1.8 19 
CE-9 -0.91 1.52 0.00 1.78 1.9 2.6 13 
DE-9 0.00 1.52 -0.91 1.78 1.9 2.9 18 
IE-14 3.05 0.00 0.00 3.05 2.0 1.5 15 
JE-14 0.00 0.00 3.05 3.05 3.4 2.0 15 
KE-14 -3.05 0.00 0.00 3.05 4.4 1.2 16 
LE-14 0.00 0.00 -3.05 3.05 3.9 2.3 16 
IE-20 3.05 -1.83 0.00 3.55 7.9 2.9 18 
KE-20 -3.05 -1.83 0.00 3.55 11.6 1.7 12 
LE-20 0.00 -1.83 -3.05 3.55 7.3 2.6 14 
EE-25 1.52 -3.35 0.00 3.68 11.5 1.8 11 
FE-25 0.00 -3.35 1.52 3.68 10.8 1.6 12 
GE-25 -1.52 -3.35 0.00 3.68 12.6 1.9 12 
HE-25 0.00 -3.35 -1.52 3.68 11.7 1.8 11 
JE-25 0.00 1.82 3.05 4.53 11.8 1.9 13 
ME-13 4.57 0.30 0.00 4.58 5.0 1.5 17 
NE-13 3.23 0.30 3.23 4.58 5.8 1.8 17 
OE-13 0.00 0.30 4.57 4.58 5.6 3.0 19 
PE-13 -3.23 0.30 3.23 4.58 6.4 1.9 18 
QE-13 -4.57 0.30 0.00 4.58 6.0 3.1 18 
RE-9 6.10 1.52 0.00 6.28 4.4 1.5 9 
SE-9 4.31 1.52 4.31 6.28 5.1 1.7 9 
TE-9 0.00 1.52 6.10 6.28 4.6 1.5 10 
UE-9 -4.31 1.52 4.31 6.28 5.4 1.4 8 
VE-9 -6.10 1.52 0.00 6.28 4.9 3.3 8 
BKGD Well         6.2 1.9 9 
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BKGD 5.5 L/min – 15 min/hr – 6.1 m Injection Sample ID 
8/14/02 8/31/02 12/1/02 12/10/02 12/16/02 12/26/02 12/30/02 
Background     4   5 12 2 
Influent        
AE-15 6 6 5   7   5 
BE-15 6 8 4   7 7 5 
CE-15 6 11 5   6 4 5 
DE-15 6 6 6   10   7 
EE-15 7 8 6   13   6 
FE-15 6 8 9   9   6 
GE-15 10 9 5   9   7 
HE-15 7 7 6 15 8   8 
EE-20 9 11 9   12     
FE-20 8 10 11   12     
GE-20 10 15 5   12     
HE-20 10 11 11   9     
AE-9               
BE-9               
CE-9               
DE-9               
IE-14               
JE-14               
KE-14               
LE-14               
IE-20 9 6 9   11     
KE-20 8 10 12   13     
LE-20 9 9 6   11     
EE-25 11 11 9   11     
FE-25 11 12 10   13     
GE-25 10 16 12   14     
HE-25 11 9 11   11     
JE-25 11 13 12   11 10   
ME-13               
NE-13               
OE-13               
PE-13               
QE-13               
RE-9               
SE-9               
TE-9               
UE-9               
VE-9               
BKGD Well               
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Cont’d 
 
Sample ID 
1/20/03 1/27/03 2/3/03 2/12/03 3/10/03 4/9/03 4/14/03 
BS Canal 2   2 1 0 1  
Influent        
AE-15 5   3 9 3 3 0 
BE-15 6 3 3 3 3 3 3 
CE-15 5 4 3 4 3 0 4 
DE-15 5   4 0 2 0 3 
EE-15 6   4 5 4 6 2 
FE-15 6   4 3 1 1 1 
GE-15 7   4 4 2 1 7 
HE-15 6   3 6 5 0 1 
EE-20 14   11 15   9 10 
FE-20 12   8 14 10 8 10 
GE-20 8   6 9   7 9 
HE-20 13   11 15 12 8 10 
AE-9             2 
BE-9             2 
CE-9             9 
DE-9             8 
IE-14               
JE-14               
KE-14               
LE-14               
IE-20 11   10 11 9 9 10 
KE-20 14   12   13 10 11 
LE-20 10   8   4 4 9 
EE-25 14   14     11 11 
FE-25 12   10   9 7 11 
GE-25 15   13   11 10 13 
HE-25 15   12   15 10 12 
JE-25 13   10   10 9 14 
ME-13               
NE-13               
OE-13               
PE-13               
QE-13               
RE-9               
SE-9               
TE-9               
UE-9               
VE-9               
BKGD Well               
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0.9 L/min – 15 min/hr – 4.3 m Injection Sample ID 
5/19/03 5/26/03 6/11/03 6/23/03 7/7/03 7/20/03 8/4/03 
BS Canal 0 0 0 0 0 0 0 
Influent        
AE-15 0 5 4 4 1 2   
BE-15 3 6 5 3 6 2 5 
CE-15 4 9 7 6 3 0   
DE-15 3 11 4   4 1 3 
EE-15 1 5 5 4 10 1 5 
FE-15   6 9 6 7 2 5 
GE-15 7 9 9 7 7 1 6 
HE-15 1 10 5   5 1 4 
EE-20 10   10 11       
FE-20 10   12 10       
GE-20 9   9 11       
HE-20 10   11       13 
AE-9 2   2 3       
BE-9 2   6 3       
CE-9 2   5 1       
DE-9 8   7 BROKE       
IE-14               
JE-14               
KE-14               
LE-14               
IE-20 10 10 6 7     4 
KE-20 11   12 13       
LE-20 9   9         
EE-25 11   14 9       
FE-25 11   12 11       
GE-25 13   11 13       
HE-25 12   11         
JE-25 14   15 12       
ME-13     6 6 8 4 7 
NE-13     6 6 10 5 8 
OE-13     5 9 7 2 9 
PE-13     7 9 7 8 9 
QE-13     12 10 11 4 10 
RE-9       6     6 
SE-9             8 
TE-9             7 
UE-9             8 
VE-9               
BKGD Well               
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Cont’d 0.9 L/min – 15 min/hr –  Sample ID 
8/22/03 9/8/03 10/6/03 11/11/03 12/1/03 1/12/04 1/26/04 
BS Canal 0   1 0   2 0 
Influent          
AE-15 2 5 0 0 0 1 1 
BE-15 4 0 0 2 2 1 1 
CE-15 3 5 5 0 3 0 0 
DE-15 2 3 1 0 0 1 0 
EE-15 4 4 0 1 3 1 1 
FE-15 5 0 1 3 3 0 1 
GE-15 4 6 3 1 2 1 1 
HE-15 2 1 1 0 0 1 1 
EE-20             8 
FE-20             9 
GE-20 5           2 
HE-20             8 
AE-9     1 0 0 2 1 
BE-9     0 0 0 1 0 
CE-9     1 0 4 0  
DE-9     0 0 0 2 0 
IE-14 1 4 5 4 3 0 1 
JE-14   0 4 0 6 1 4 
KE-14 4 4 4 5 5 3 5 
LE-14 5 6 4 3 4 5 3 
IE-20         4   2 
KE-20               
LE-20   6     5   3 
EE-25               
FE-25               
GE-25               
HE-25               
JE-25               
ME-13   4 5 3   4 4 
NE-13   4 4 5   7 5 
OE-13 5 2 6 0 6 4 6 
PE-13   11 5 5 7 3 6 
QE-13   9 5 5 3 4 6 
RE-9     4 5     5 
SE-9   2 7 5     5 
TE-9 1 5 4 5     4 
UE-9     7 4     5 
VE-9   12 5 2     5 
BKGD Well               
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4.3 m Injection 1.9 L/min – 30 min/hr – 4.3 m Injection Sample ID 
2/9/04 3/1/04 3/22/04 4/12/04 5/3/04 6/2/04 6/23/04 
BS Canal   0   0   0 0 
Influent               
AE-15 4 0 0 0   0 1 
BE-15 4 4 0 2   4 0 
CE-15 4 0 0 0   2 1 
DE-15 4 3 0 0   0 0 
EE-15 3 5 1 0   0 2 
FE-15 2 4 0 0   0 2 
GE-15 4 5 0 0   0 1 
HE-15 3 3 0 1   0 0 
EE-20               
FE-20               
GE-20               
HE-20               
AE-9 4 0 3 0   0 1 
BE-9 2 4 0 5   0 0 
CE-9       0      
DE-9 2 5 0 0   0 0 
IE-14 2 3 0 1   3 0 
JE-14 6 2 5 4   2 3 
KE-14 6 6 5 2   4 5 
LE-14 5 5 2 0   2 10 
IE-20   4           
KE-20               
LE-20               
EE-25               
FE-25               
GE-25               
HE-25               
JE-25               
ME-13 7 6 5 2     4 
NE-13 5 6 2 6     7 
OE-13 6 9 6 5     6 
PE-13 6 6 6 6     6 
QE-13 3 6 6 5     3 
RE-9     4     5   
SE-9     5     5   
TE-9     5     5   
UE-9     5     5   
VE-9     4     4   
BKGD Well   10 5 6   7 8 
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Cont’d Sample ID 
7/14/04 8/3/04 9/24/04 10/15/04 
BS Canal 0 0 0 0 
Influent       
AE-15 0 0 1  
BE-15 2 1 2  
CE-15 1 2 1  
DE-15 0 0 0  
EE-15 0 0  1 
FE-15 0 0  1 
GE-15 1 0  1 
HE-15 0 1  1 
EE-20      
FE-20      
GE-20      
HE-20      
AE-9 0 1 1 1 
BE-9 1 1 1 1 
CE-9 1 0 1 1 
DE-9 1 0 1 1 
IE-14 2 1 2  
JE-14 4 5 5  
KE-14 5 2 5  
LE-14 2 2 5  
IE-20      
KE-20      
LE-20      
EE-25       
FE-25      
GE-25      
HE-25       
JE-25       
ME-13      5 
NE-13     5 
OE-13     1 
PE-13     4 
QE-13      1 
RE-9 1 4   
SE-9 5 4   
TE-9 5 5   
UE-9 4 5   
VE-9 1 6   
BKGD Well 4 6 5 5 
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pH 
Coordinates (m) 
   
Sample ID 
x y z 
Vector 
Distance (ft) Average Std. Dev Count 
BS Canal         7.07 0.51 31 
Influent         7.30 0.69 33 
AE-15 0.91 -0.30 0.00 0.96 6.76 1.2 31 
BE-15 0.00 -0.30 0.91 0.96 6.99 0.50 33 
CE-15 -0.91 -0.30 0.00 0.96 7.09 0.51 32 
DE-15 0.00 -0.30 -0.91 0.96 7.06 0.50 32 
EE-15 1.52 -0.30 0.00 1.55 6.78 0.36 32 
FE-15 0.00 -0.30 1.52 1.55 6.72 0.29 30 
GE-15 -1.52 -0.30 0.00 1.55 6.71 0.23 32 
HE-15 0.00 -0.30 -1.52 1.55 6.94 0.49 33 
AE-9 0.91 1.52 0.00 1.78 6.93 0.30 17 
BE-9 0.00 1.52 0.91 1.78 6.88 0.35 17 
CE-9 -0.91 1.52 0.00 1.78 6.80 0.33 12 
DE-9 0.00 1.52 -0.91 1.78 6.87 0.32 17 
EE-20 1.52 -1.83 0.00 2.38 6.57 0.29 10 
FE-20 0.00 -1.83 1.52 2.38 6.55 0.28 10 
GE-20 -1.52 -1.83 0.00 2.38 6.58 0.35 9 
HE-20 0.00 -1.83 -1.52 2.38 6.63 0.29 9 
IE-14 3.05 0.00 0.00 3.05 6.57 0.15 15 
JE-14 0.00 0.00 3.05 3.05 6.41 0.16 15 
KE-14 -3.05 0.00 0.00 3.05 6.40 0.21 15 
LE-14 0.00 0.00 -3.05 3.05 6.44 0.19 15 
IE-20 3.05 -1.83 0.00 3.55 6.65 0.20 12 
KE-20 -3.05 -1.83 0.00 3.55 6.75 0.25 6 
LE-20 0.00 -1.83 -3.05 3.55 6.74 0.26 9 
EE-25 1.52 -3.35 0.00 3.68 6.75 0.37 5 
FE-25 0.00 -3.35 1.52 3.68 6.69 0.31 6 
GE-25 -1.52 -3.35 0.00 3.68 6.90 0.50 5 
HE-25 0.00 -3.35 -1.52 3.68 6.73 0.26 7 
JE-25 0.00 1.82 3.05 4.53 6.77 0.32 6 
ME-13 4.57 0.30 0.00 4.58 6.40 0.30 17 
NE-13 3.23 0.30 3.23 4.58 6.25 0.72 17 
OE-13 0.00 0.30 4.57 4.58 6.42 0.24 18 
PE-13 -3.23 0.30 3.23 4.58 6.36 0.25 17 
QE-13 -4.57 0.30 0.00 4.58 6.39 0.25 17 
RE-9 6.10 1.52 0.00 6.28 6.26 0.12 9 
SE-9 4.31 1.52 4.31 6.28 6.29 0.12 9 
TE-9 0.00 1.52 6.10 6.28 6.27 0.11 10 
UE-9 -4.31 1.52 4.31 6.28 6.31 0.14 8 
VE-9 -6.10 1.52 0.00 6.28 6.29 0.11 8 
BKGD Well         6.22 0.15 8 
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BKGD 5.5 L/min – 15 min/hr – 6.1 m Injection Sample ID 
8/14/02 8/31/02 12/1/02 12/10/02 12/16/02 12/26/02 12/30/02 
BS Canal     6.77   6.05   6.54 
Influent NA NA 7.78 NA NA 7.73 8.27 
AE-15 6.39   6.32   6.51   6.34 
BE-15 6.35   7.53   7.43 7.42 8.03 
CE-15 6.18   7.58   7.51 7.69 8.28 
DE-15 6.53   6.44   6.33   6.56 
EE-15 6.26   6.44   6.47   6.41 
FE-15 6.27           6.61 
GE-15 6.34   6.39   6.29   6.50 
HE-15 6.36   6.47 6.35 6.41   6.42 
AE-9               
BE-9               
CE-9               
DE-9               
EE-20 6.55   6.36   6.57     
FE-20 6.54       6.64     
GE-20 6.58   6.77         
HE-20 6.65   6.71         
IE-14               
JE-14               
KE-14               
LE-14               
IE-20 6.60             
KE-20 6.53             
LE-20 6.42       6.61     
EE-25 6.74             
FE-25 6.61       6.81     
GE-25 6.75             
HE-25 6.73       6.69     
JE-25 6.64         6.67   
ME-13               
NE-13               
OE-13               
PE-13               
QE-13               
RE-9               
SE-9               
TE-9               
UE-9               
VE-9               
BKGD Well               
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Cont’d 
 
Sample ID 
1/20/03 1/27/03 2/3/03 2/12/03 3/10/03 4/9/03 4/14/03 
BS Canal 6.53   6.85 7.29 7.51 6.96 6.86 
Influent 7.45 6.67 7.19 7.94 7.39 6.96 7.09 
AE-15 6.57   6.74 6.90 6.95 6.60 6.89 
BE-15 8.17   7.62 8.04 7.41 6.99 6.93 
CE-15 7.76   7.94 8.09 7.33 6.94 6.93 
DE-15 7.72   7.51 7.77 7.52 6.88 7.29 
EE-15 6.58   6.63 6.74 6.80 6.57 6.37 
FE-15 6.60   6.62 7.12 6.98 6.67 6.58 
GE-15 6.47   6.72 6.81 7.02 6.73 6.65 
HE-15 6.60   6.90 7.11 7.43 6.79 7.02 
AE-9             6.96 
BE-9             7.19 
CE-9             6.87 
DE-9             7.32 
EE-20 6.40     6.72     6.47 
FE-20 6.27   6.65 6.69     6.28 
GE-20       6.71     6.35 
HE-20       6.94     6.25 
IE-14               
JE-14               
KE-14               
LE-14               
IE-20       6.65 6.71 6.48 6.58 
KE-20         6.81   6.66 
LE-20         6.99   6.61 
EE-25             6.55 
FE-25             6.50 
GE-25             6.64 
HE-25           6.51 6.60 
JE-25             6.71 
ME-13               
NE-13               
OE-13               
PE-13               
QE-13               
RE-9               
SE-9               
TE-9               
UE-9               
VE-9               
BKGD Well               
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0.9 L/min – 15 min/hr – 4.3 m Injection Sample ID 
5/19/03 5/26/03 6/11/03 6/23/03 7/2/03 7/7/03 7/20/03 
BS Canal 6.86 8.10 8.13 7.81   7.27 6.98 
Influent 7.09 8.02 7.95 7.50   7.96 7.38 
AE-15 6.89 7.42 7.68 6.82   5.71 6.59 
BE-15 6.93 7.15 7.65 6.80   6.88 6.54 
CE-15 6.93 7.21 7.93 7.04   6.79 6.82 
DE-15 7.29 7.51 7.93 7.39   7.13 6.93 
EE-15 6.87 7.33 7.74 6.90   6.74 6.68 
FE-15 6.58 6.91 7.32 6.72   6.64 6.44 
GE-15 6.65 7.05 7.28 7.11   6.75 6.68 
HE-15 7.02 7.20 7.87 7.28   6.98 6.92 
AE-9 6.96   7.75 6.50       
BE-9 7.19   7.75 6.78       
CE-9 6.87   7.58 6.83       
DE-9 7.32   7.60 6.35       
EE-20 6.47   7.33 6.48       
FE-20 6.28   7.22 6.45       
GE-20 6.35   7.27 6.00       
HE-20 6.25   7.14 6.45       
IE-14               
JE-14               
KE-14               
LE-14               
IE-20 6.58 7.03 7.03 6.34       
KE-20 6.66   7.22 6.61       
LE-20 6.61   7.30 6.73       
EE-25 6.55   7.40 6.52       
FE-25 6.50   7.26 6.47       
GE-25 6.64   7.79 6.70       
HE-25 6.60   7.30 6.69       
JE-25 6.71   7.40 6.50       
ME-13     7.41 6.30 6.44 6.41 6.12 
NE-13     7.10 3.68 6.23 6.33 6.25 
OE-13     7.00 6.54 6.69 6.41 6.21 
PE-13     7.09 6.43 6.34 6.16 6.32 
QE-13     7.09 6.40 6.43 6.26 6.13 
RE-9       6.34       
SE-9               
TE-9               
UE-9               
VE-9               
BKGD Well               
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Cont’d 
 
Sample ID 8/4/03 8/22/03 9/8/03 10/6/03 11/3/03 12/1/03 1/12/04 
BS Canal 7.73 7.35 6.77 6.84 6.68   7.84 
Influent 6.18 7.46 7.14 7.29 7.16   8.79 
AE-15   6.91 6.11 6.79 6.93   7.80 
BE-15 6.70 6.78 6.71 6.61 6.79   7.16 
CE-15   6.91 6.92 6.98 7.03   7.01 
DE-15 6.97 7.03 6.71 6.62 7.02   7.92 
EE-15 6.86 6.89 6.69 6.75 7.00   7.70 
FE-15 6.60 6.64 6.59 6.43 6.54   7.48 
GE-15 6.87 6.88 6.76 6.83 6.87   6.95 
HE-15 6.88 7.00 6.79 8.60 6.96   7.51 
AE-9       6.92 7.15   7.15 
BE-9       7.01 6.66   7.26 
CE-9       7.00 6.73   7.05 
DE-9       6.75 6.81   6.86 
EE-20               
FE-20               
GE-20   6.68           
HE-20 6.70             
IE-14   6.65 6.47 6.61 6.59   6.81 
JE-14   6.50 6.68 6.41 6.52   6.60 
KE-14   6.78 6.61 6.46 6.50   6.71 
LE-14   6.41 6.62 6.36 6.46   6.67 
IE-20 6.54             
KE-20               
LE-20     6.70         
EE-25               
FE-25               
GE-25               
HE-25               
JE-25               
ME-13 6.30   6.52 6.38 6.48   6.63 
NE-13 6.33   6.66 6.41 6.52   7.06 
OE-13 6.23 6.33 6.48 6.43 6.62   6.77 
PE-13 6.39   6.61 6.34 6.31   6.59 
QE-13 6.41   6.43 6.31 6.29   6.80 
RE-9 6.33     6.32 6.42     
SE-9 6.32   6.35 6.38 6.32     
TE-9 6.28 6.19 6.39 6.31 6.28     
UE-9 6.32     6.44 6.46     
VE-9     6.47 6.33 6.31     
BKGD Well               
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1.9 L/min – 15 min/hr – 4.3 m Injection 
 
Sample ID 
1/26/04 2/9/04 3/1/04 3/22/04 4/12/04 5/3/04 6/2/04 
BS Canal 7.53 6.67 7.33   6.67   7.08 
Influent 8.29 8.46 7.72 7.01 6.34   6.35 
AE-15 7.39 7.43 6.71 6.71 6.69   6.81 
BE-15 6.73 6.85 6.70 6.60 6.56   6.55 
CE-15 6.71 6.79 6.79 6.89 6.61   6.62 
DE-15 7.80 7.67 7.26 7.07 6.60   6.56 
EE-15 7.16 7.33 7.07 6.82 6.68   6.65 
FE-15 7.04 7.26 6.95 6.73 6.67   6.64 
GE-15 6.63 6.72 6.77 6.73 6.48   6.71 
HE-15 7.43 7.4 7.16 7.07 6.56   6.64 
AE-9  7.13 6.79 6.64 7.00   7.13 
BE-9  6.93 6.78 6.59 6.99   7.05 
CE-9       6.64    
DE-9   6.69 7.07 6.97 6.98   6.91 
EE-20 6.37            
FE-20 6.49            
GE-20 6.50            
HE-20 6.61            
IE-14 6.57 6.67 6.75 6.76 6.39   6.39 
JE-14 6.41 6.59 6.46 6.52 6.29   6.31 
KE-14 6.49 6.47 6.40 6.52 6.07   6.21 
LE-14 6.59 6.49 6.13 6.62 6.21   6.73 
IE-20 6.65   6.59         
KE-20              
LE-20 6.71             
EE-25              
FE-25              
GE-25              
HE-25              
JE-25               
ME-13 6.30 6.13 6.49 6.40 6.19     
NE-13 6.29 6.28 6.37 6.32 6.18     
OE-13 6.24 6.32 6.40 6.41 6.05     
PE-13 6.37 6.35 6.25 6.43 5.98     
QE-13 6.39 6.52 6.43 6.37 6.02     
RE-9 6.17     6.37     6.05 
SE-9 6.33    6.37     6.03 
TE-9 6.38    6.42     6.22 
UE-9 6.40    6.40     6.20 
VE-9 6.33     6.34     6.26 
BKGD Well     6.38 6.41 6.04   6.27 
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1.9 L/min – 30 min/hr – 4.3 m Injection Sample ID 
6/23/04 7/14/04 8/3/04 9/24/04 10/15/04 
BS Canal 6.93 7.27 6.87 6.66 6.32 
Influent 6.53 6.35 6.65 6.42 6.35 
AE-15 6.67 6.45 6.70 6.21  
BE-15 6.70 6.40 6.61 6.36  
CE-15 6.78 6.50 6.73 6.51  
DE-15 6.58 6.53 6.54 6.34  
EE-15 6.36 6.42 6.65  6.40 
FE-15 6.39 6.45 6.60  6.39 
GE-15 6.69 6.50 6.50  6.43 
HE-15 6.47 6.56 6.51  6.39 
AE-9 6.95 6.75 6.87 6.54 6.65 
BE-9 6.71 6.46 6.67 6.31 6.65 
CE-9   6.49 6.56 6.31 6.65 
DE-9 6.71 6.65 6.75 6.45 6.65 
EE-20        
FE-20        
GE-20        
HE-20        
IE-14 6.56 6.49 6.60 6.28  
JE-14 6.18 6.15 6.24 6.25  
KE-14 6.25 6.17 6.17 6.21  
LE-14 6.51 6.28 6.38 6.17  
IE-20        
KE-20        
LE-20         
EE-25        
FE-25        
GE-25        
HE-25        
JE-25         
ME-13 6.17     6.17 
NE-13 6.08     6.15 
OE-13 6.13     6.24 
PE-13 6.10     6.14 
QE-13 6.21     6.12 
RE-9   6.23 6.15   
SE-9   6.36 6.12   
TE-9   6.17 6.05   
UE-9   6.12 6.13   
VE-9   6.12 6.19   
BKGD Well   6.28 6.15 6.22 6.00 
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Temperature, ºC 
Coordinates (m) 
   
Sample ID 
x y z 
Vector 
Distance (m) Average Std. Dev Count 
BS Canal         24.1 7.5 31 
Influent         23.8 7.0 33 
AE-15 0.91 -0.30 0.00 0.96 22.2 4.2 31 
BE-15 0.00 -0.30 0.91 0.96 20.4 2.8 33 
CE-15 -0.91 -0.30 0.00 0.96 20.5 2.8 32 
DE-15 0.00 -0.30 -0.91 0.96 21.2 3.0 32 
EE-15 1.52 -0.30 0.00 1.55 21.3 2.2 32 
FE-15 0.00 -0.30 1.52 1.55 20.7 2.0 30 
GE-15 -1.52 -0.30 0.00 1.55 20.8 1.6 32 
HE-15 0.00 -0.30 -1.52 1.55 20.8 2.3 33 
AE-9 0.91 1.52 0.00 1.78 22.9 3.5 17 
BE-9 0.00 1.52 0.91 1.78 22.0 2.8 17 
CE-9 -0.91 1.52 0.00 1.78 22.6 2.5 12 
DE-9 0.00 1.52 -0.91 1.78 22.4 3.5 17 
EE-20 1.52 -1.83 0.00 2.38 21.1 2.2 10 
FE-20 0.00 -1.83 1.52 2.38 20.3 1.8 10 
GE-20 -1.52 -1.83 0.00 2.38 21.0 1.3 9 
HE-20 0.00 -1.83 -1.52 2.38 21.6 1.9 9 
IE-14 3.05 0.00 0.00 3.05 20.9 1.9 12 
JE-14 0.00 0.00 3.05 3.05 20.6 1.9 12 
KE-14 -3.05 0.00 0.00 3.05 20.6 1.7 12 
LE-14 0.00 0.00 -3.05 3.05 20.8 1.8 12 
IE-20 3.05 -1.83 0.00 3.55 21.5 1.4 12 
KE-20 -3.05 -1.83 0.00 3.55 21.8 0.7 6 
LE-20 0.00 -1.83 -3.05 3.55 21.3 1.1 9 
EE-25 1.52 -3.35 0.00 3.68 22.2 0.5 5 
FE-25 0.00 -3.35 1.52 3.68 21.8 0.6 6 
GE-25 -1.52 -3.35 0.00 3.68 22.0 0.3 5 
HE-25 0.00 -3.35 -1.52 3.68 21.3 2.2 7 
JE-25 0.00 1.82 3.05 4.53 21.4 1.2 6 
ME-13 4.57 0.30 0.00 4.58 22.1 2.5 17 
NE-13 3.23 0.30 3.23 4.58 22.0 1.9 17 
OE-13 0.00 0.30 4.57 4.58 21.7 2.1 18 
PE-13 -3.23 0.30 3.23 4.58 21.3 1.6 17 
QE-13 -4.57 0.30 0.00 4.58 21.3 1.5 17 
RE-9 6.10 1.52 0.00 6.28 22.1 1.8 9 
SE-9 4.31 1.52 4.31 6.28 21.7 1.6 8 
TE-9 0.00 1.52 6.10 6.28 21.8 1.3 10 
UE-9 -4.31 1.52 4.31 6.28 21.8 1.7 8 
VE-9 -6.10 1.52 0.00 6.28 21.4 1.5 8 
BKGD Well         21.5 1.6 9 
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BKGD 5.5 L/min – 15 min/hr – 6.1 m Injection Sample ID 
8/14/02 8/31/02 12/1/02 12/10/02 12/16/02 12/26/02 12/30/02 
BS Canal     14.4   17.1   14.7 
Influent     16.8     13.1 18.0 
AE-15 21.5   19.5   19.9   19.2 
BE-15 21.0   18.1   18.8 16.4 17.1 
CE-15 20.6   18.6   19.1 15.6 17.6 
DE-15 21.0   19.7   20.0   19.4 
EE-15 20.7   19.5   20.2   19.7 
FE-15 20.6           19.2 
GE-15 20.7   19.5   20.5   20.2 
HE-15 20.8   19.8 18.7 20.2   19.8 
AE-9               
BE-9               
CE-9               
DE-9               
EE-20 21.5   19.4   20.2     
FE-20 20.7       20.1     
GE-20 21.4   19.6         
HE-20 20.7   19.6         
IE-14               
JE-14               
KE-14               
LE-14               
IE-20 22.1             
KE-20 23.0             
LE-20 20.2       21.0     
EE-25 21.8             
FE-25 21.9       20.7     
GE-25 22.4             
HE-25 18.5       20.4     
JE-25 20.5         19.5   
ME-13               
NE-13               
OE-13               
PE-13               
QE-13               
RE-9               
SE-9               
TE-9               
UE-9               
VE-9               
BKGD Well               
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Cont’d  Sample ID 
1/20/03 1/27/03 2/3/03 2/12/03 3/10/03 4/9/03 4/14/03 
BS Canal 10.8   15.9 17.6   16.3 29.4 
Influent 14.8 10.3 16.7 17.7 26.1 15.8 28.5 
AE-15 18.1   18.3 19.5 20.8 17.6 29.8 
BE-15 15.3   16.4 17.0 19.7 17.5 22.6 
CE-15 15.6   16.8 18.0 19.4 18.0 22.9 
DE-15 17.0   17.1 18.3 19.6 17.8 24.6 
EE-15 18.8   18.7 19.8 20.6 17.7 23.7 
FE-15 18.2   17.6 18.5 20.4 17.8 22.6 
GE-15 18.9   18.5 19.5 20.1 18.1 22.3 
HE-15 18.5   18.0 18.7 20.0 17.9 22.7 
AE-9             26.1 
BE-9             22.8 
CE-9             23.2 
DE-9             24.4 
EE-20 19.0     19.1     23.7 
FE-20 18.1   18.3 18.7     22.3 
GE-20       19.7     22.2 
HE-20       19.2     23.2 
IE-14               
JE-14               
KE-14               
LE-14               
IE-20       20.6 22.1 18.6 22.0 
KE-20         21.2  21.9 
LE-20         21.4  21.6 
EE-25             22.7 
FE-25             22.3 
GE-25             22.1 
HE-25           18.3 22.8 
JE-25             22.2 
ME-13               
NE-13               
OE-13               
PE-13               
QE-13               
RE-9               
SE-9               
TE-9               
UE-9               
VE-9               
BKGD Well               
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0.9 L/min – 15 min/hr – 4.3 m Injection Sample ID 
5/19/03 5/26/03 6/11/03 6/23/03 7/2/03 7/7/03 7/20/03 
BS Canal 29.4 31.3 30.8 35.3   28.1 32.9 
Influent 28.5 31.2 29.4 34.0   28.2 30.4 
AE-15 24.8 26.8 25.7 25.0   35.6 23.5 
BE-15 22.6 22.6 22.5 23.5   24.5 22.5 
CE-15 22.9 22.4 22.5 26.1   24.3 23.1 
DE-15 24.6 23.8 24.9 25.3   24.1 24.6 
EE-15 22.8 22.8 23.1 23.4   24.3 23.0 
FE-15 22.6 21.3 21.6 22.0   24.0 22.2 
GE-15 22.3 21.4 21.7 21.6   23.0 21.8 
HE-15 22.7 23.2 23.2 23.8   23.8 23.4 
AE-9 26.1   25.4 24.5       
BE-9 22.3   23.7 25.4       
CE-9 23.2   22.5 24.6       
DE-9 24.4   25.2 26.6       
EE-20 23.7   22.9 23.3       
FE-20 22.3   21.7 22.3       
GE-20 22.2   21.6 21.8       
HE-20 23.2   22.7 23.4       
IE-14               
JE-14               
KE-14               
LE-14               
IE-20 22.0 22.3 21.9 22.1       
KE-20 21.9   21.4 21.4       
LE-20 21.6   21.7 22.2       
EE-25 22.7   21.6 22.2       
FE-25 22.3   21.5 22.1       
GE-25 22.1   21.7 21.9       
HE-25 22.8   23.0 23.1       
JE-25 22.2   21.4 22.8       
ME-13     22.8 23.9 25.1 23.8 24.8 
NE-13     22.6 24.2 23.6 22.8 22.5 
OE-13     22.3 23.4 23.2 23.5 22.0 
PE-13     21.6 21.2 22.3 22.3 21.4 
QE-13     21.9 21.2 22.4 22.6 21.3 
RE-9       22.9       
SE-9               
TE-9               
UE-9               
VE-9               
BKGD Well               
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Cont’d  Sample ID 
8/4/03 8/22/03 9/8/03 10/6/03 11/3/03 12/1/03 1/12/04 
BS Canal 33.6 29.6 31.4 26.3 25.7   12.4 
Influent 33.5 28.0 28.8 29.4 28.6   14.2 
AE-15   23.2 25.9 23.8 24.1   17.2 
BE-15 23.1 22.3 23.0 22.6 23.1   18.3 
CE-15   22.9 23.7 22.3 22.6   17.5 
DE-15 23.3 23.4 22.9 22.2 23.2   16.8 
EE-15 24.7 22.4 23.4 23.2 23.5   18.6 
FE-15 24.0 21.9 22.4 22.0 22.8   19.1 
GE-15 22.9 21.6 22.3 22.8 23.1   19.0 
HE-15 23.3 22.8 23.9 22.9 22.3   17.0 
AE-9       24.6 24.5   17.0 
BE-9       24.4 24.2   18.3 
CE-9       24.0 23.5   17.4 
DE-9       24.6 23.9   16.2 
EE-20               
FE-20               
GE-20   21.4           
HE-20 22.9             
IE-14         23.8   19.9 
JE-14         24.3   19.6 
KE-14         23.5   19.8 
LE-14         22.2   20.3 
IE-20 23.5             
KE-20               
LE-20     22.7         
EE-25               
FE-25               
GE-25               
HE-25               
JE-25               
ME-13 24.4   24.8 23.9 24.0   19.7 
NE-13 22.6   22.0 22.5 25.9   21.7 
OE-13 22.5 22.6 23.7 22.8 26.0   19.3 
PE-13 21.9   24.1 22.5 23.7   20.4 
QE-13 23.0   22.1 21.8 23.2   21.7 
RE-9 22.1     22.1 24.1     
SE-9 22.3     21.7 23.5     
TE-9 22.1 21.7 23.0 22.5 22.8     
UE-9 22.2     22.3 23.2     
VE-9     22.1 21.7 23.3     
BKGD Well               
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1.9 L/min – 15 min/hr – 4.3 m Injection 
 
Sample ID 
1/26/04 2/9/04 3/1/04 3/22/04 4/12/04 5/3/04 6/2/04 
BS Canal 15.3 13.2 20.5 21.9 23.2   28.4 
Influent 15.5 14.7 21.9 23.9 20.5   27.7 
AE-15 16.4 17.4 18.9 19.5 18.4   21.5 
BE-15 17.5 16.8 17.8 17.7 18.2   21.5 
CE-15 17.3 18.3 18.9 18.5 18.1   21.0 
DE-15 16.9 16.9 18.1 18.6 18.1   21.6 
EE-15 17.8 18.2 18.7 19.5 18.5   21.1 
FE-15 17.9 18.0 19.0 18.1 18.4   21.6 
GE-15 18.7 18.8 19.9 19.0 18.5   21.0 
HE-15 18.0 17.2 18.9 18.2 18.1   20.6 
AE-9   17.4 18.8 19.4 17.9   21.4 
BE-9  16.9 19.0 17.9 18.1   22.4 
CE-9       17.7     
DE-9   16.0 19.2 18.4 17.9   21.7 
EE-20 18.0            
FE-20 18.5            
GE-20 18.7            
HE-20 19.2            
IE-14 18.8 19.1 19.9 18.8 18.7   20.8 
JE-14 18.1 18.4 19.9 18.8 18.7   21.1 
KE-14 19.0 18.8 20.0 18.9 18.3   21.0 
LE-14 18.9 18.6 19.9 19.8 18.1   21.2 
IE-20 19.4   20.9         
KE-20              
LE-20 18.9            
EE-25               
FE-25              
GE-25              
HE-25               
JE-25              
ME-13 18.7 19.4 19.5 19.0 18.6     
NE-13 19.5 19.2 22.5 19.3 18.9     
OE-13 19.0 19.2 20.2 19.0 18.7     
PE-13 19.1 19.1 20.3 19.7 18.7     
QE-13 19.4 19.0 19.8 19.3 18.8     
RE-9 19.2     19.7     21.4 
SE-9 19.2    19.8     20.6 
TE-9 19.1    19.7     21.8 
UE-9 19.3    19.7     20.7 
VE-9 19.3     19.2     20.5 
BKGD Well     20.5 20.3 18.7   21.0 
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1.9 L/min – 30 min/hr – 4.3 m Injection Sample ID 
6/23/04 7/14/04 8/3/04 9/24/04 10/15/04 
BS Canal 31.8 31.1 32.0  27.1 20.7  
Influent 31.0 28.8 31.9  28.7 20.1  
AE-15 23.8 23.9 24.3  24.8   
BE-15 22.7 22.7 23.4  23.5   
CE-15 22.2 22.6 23.0  23.6   
DE-15 23.4 23.0 24.6  24.1   
EE-15 22.6 23.1 24.4   22.1  
FE-15 22.2 22.0 22.9    21.5 
GE-15 21.5 21.7 22.7    21.4 
HE-15 22.0 22.8 23.5    20.1 
AE-9 25.1 25.4 27.0  25.8 23.0  
BE-9 23.7 23.7 24.9  25.0  22.1 
CE-9   23.8 24.6  24.7  22.5 
DE-9 24.4 24.5 26.1  25.4  21.2 
EE-20          
FE-20          
GE-20          
HE-20          
IE-14 21.9 22.2 23.2  23.4   
JE-14 22.0 21.5 21.9  22.6   
KE-14 22.3 22.1 21.7  22.3   
LE-14 22.1 22.3 22.6  23.4   
IE-20          
KE-20          
LE-20          
EE-25           
FE-25          
GE-25          
HE-25           
JE-25          
ME-13 22.2       21.3  
NE-13 22.0       21.5 
OE-13 22.7       20.2 
PE-13 22.2       21.3 
QE-13 23.2        20.8 
RE-9   23.9 23.5     
SE-9   23.3 22.8     
TE-9   22.2 22.7     
UE-9   22.9 24.0     
VE-9   22.2 22.7     
BKGD Well 23.0 23.2 22.7  23.5 21.0  
 
 211
 
 
Date, M/d/yy
7
/
1
/
2
0
0
2
 
 
9
/
1
/
2
0
0
2
 
 
1
1
/
1
/
2
0
0
2
 
 
1
/
1
/
2
0
0
3
 
 
3
/
1
/
2
0
0
3
 
 
5
/
1
/
2
0
0
3
 
 
7
/
1
/
2
0
0
3
 
 
9
/
1
/
2
0
0
3
 
 
1
1
/
1
/
2
0
0
3
 
 
1
/
1
/
2
0
0
4
 
 
3
/
1
/
2
0
0
4
 
 
5
/
1
/
2
0
0
4
 
 
7
/
1
/
2
0
0
4
 
 
9
/
1
/
2
0
0
4
 
 
1
1
/
1
/
2
0
0
4
 
 
T
e
m
p
e
r
a
t
u
r
e
,
 
d
e
g
r
e
e
 
C
14
16
18
20
22
24
26
28
0.96 m Vector Distance
1.55 m Vector Distance
1.78 m Vector Distance
2.38 m Vector Distance
3.05 m Vector Distance
3.55 m Vector Distance
3.68 m Vector Distance
4.58 m Vector Distance
6.28 m Vector Distance
 
 212 
Redox Potential, mV 
Date 2.7 m Well, 
mV 
4.3 m Well, 
mV 
05/26/2003 -250.2 -220.9 
06/11/2003 -285.6 -183.2 
08/19/2003 -169.8 -110.2 
08/22/2003 -174.0 -112.3 
09/08/2003 -132.4 -111.2 
09/24/2003 -135.5 -134.0 
10/06/2003 -135.8 -128.2 
11/03/2003 -151.0 -130.2 
11/17/2003 -124.8 -58.1 
12/01/2003 -173.5 -125.1 
01/12/2004 -120.1 -99.2 
01/26/2004 -166.0 -134.9 
02/09/2004 -159.5 -126.3 
03/01/2004 -177.5 -120.3 
03/22/2004 -150.5 -118.3 
04/12/2004 -157.1 -118.1 
06/02/2004 -167.4 -145.9 
06/23/2004 -183.7 -90.6 
07/14/2004 -175.8 -90.7 
08/03/2004 -191.3 -101.8 
09/24/2004 -182.5 -122.9 
10/15/2004 -166.8 -124.6 
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Appendix F:  Moss Point Field Data  
(Total Phosphorus and Orthophosphate) 
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Data Summary – Moss Point – Total Phosphorus, mg/L 
Coordinates (m)  Sample ID 
x y z 
Vector 
Distance (m)  Mean Std. Dev. Count 
B. Cumbest      0.05 0.03 17 
Influent Filt.      14.65 8.92 21 
Influent Unfilt.         16.71 9.60 19 
A10 0.0 1.2 0.8 1.44 5.31 3.68 14 
B10 1.2 0.0 0.8 1.44 4.33 3.75 8 
C10 0.0 -1.2 0.8 1.44 6.91 3.48 14 
D10 -1.2 0.0 0.8 1.44 5.25 3.57 10 
E7.5 0.6 0.6 1.5 1.75 0.37 0.24 11 
F7.5 0.6 -0.6 1.5 1.75 1.42 2.37 9 
G7.5 -0.6 -0.6 1.5 1.75 2.24 2.02 11 
H7.5 -0.6 0.6 1.5 1.75 1.2 0.36 9 
A7.5 0.0 1.2 1.5 1.95 0.52 0.79 13 
B7.5 1.2 0.0 1.5 1.95 2.54 1.99 8 
C7.5 0.0 -1.2 1.5 1.95 1.68 1.44 14 
D7.5 -1.2 0.0 1.5 1.95 1.32 1.56 8 
I10 0.0 2.4 0.8 2.55 1.51 1.72 7 
J10 2.4 0.0 0.8 2.55 3.17 3.88 7 
K10 0.0 -2.4 0.8 2.55 3.18 3.86 8 
L10 -2.4 0.0 0.8 2.55 2.13 3.31 7 
M7.5 1.8 1.8 1.5 3.00 0.32 0.10 7 
N7.5 1.8 -1.8 1.5 3.00 1.18 1.71 10 
O7.5 -1.8 -1.8 1.5 3.00 0.37 0.31 10 
P7.5 -1.8 1.8 1.5 3.00 0.36 0.21 7 
I5 0.0 2.4 2.3 3.34 0.37 0.25 7 
J5 2.4 0.0 2.3 3.34 0.62 0.07 4 
K5 0.0 -2.4 2.3 3.34 0.53 0.05 6 
L5 -2.4 0.0 2.3 3.34 0.83 1.10 4 
M5 1.8 1.8 2.3 3.45 0.32 0.09 9 
N5 1.8 -1.8 2.3 3.45 0.89 1.22 11 
O5 -1.8 -1.8 2.3 3.45 0.32 0.19 12 
P5 -1.8 1.8 2.3 3.45 0.36 0.21 8 
Q10 6.1 0.0 0.8 6.14 0.05 0.03 7 
T10 0.0 -6.1 0.8 6.14 0.06 0.06 8 
Q5 6.1 0.0 2.3 6.51 0.07 0.06 7 
T5 0.0 -6.1 2.3 6.51 0.18 0.07 8 
R10 4.9 4.9 0.8 6.94 0.05 0.03 6 
S10 -4.9 -4.9 0.8 6.94 0.02 0.01 8 
U10 -4.9 4.9 0.8 6.94 0.07 0.08 5 
R5 4.9 4.9 2.3 7.27 0.16 0.22 6 
S5 -4.9 -4.9 2.3 7.27 0.06 0.01 6 
U5 -4.9 4.9 2.3 7.27 0.09 0.03 5 
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1.9 min/hr – 30 min/3 hr  5.5 L/min - Sample ID 
  6/21/01 7/2/01 7/10/01 8/7/01 8/14/01 9/17/01 10/3/01 
B. Cumbest 0.026 0.009 0.016   0.050     
Influent Filt.   5.826 6.638 4.383 4.495 6.002 6.690 
Influent Unfilt. 4.105 6.707 7.739     8.014 7.659 
A10 0.022 0.033 0.715 3.929 6.114 6.033   
B10   0.046 0.075 7.734 7.826     
C10   0.754 1.917 4.432 8.064 4.649 5.215 
D10 0.047 0.073 2.216 6.712 7.260   6.323 
E7.5   0.054   0.139 0.053 0.166   
F7.5   0.118 0.110 0.186 1.27     
G7.5 0.093 0.106   2.010 5.753     
H7.5 0.089 0.074   0.170 0.122     
A7.5   0.055 0.079 0.170 0.085 0.164   
B7.5   0.034 0.041 2.450 4.573     
C7.5 0.088 0.083 0.121 4.133 4.951 1.476   
D7.5   0.025 0.044 1.428 3.913     
I10             
J10       0.151 0.028 0.380 
K10         0.008   
L10 0.022       0.014 0.020 
M7.5               
N7.5   0.101 0.367 0.152 0.302 0.361   
O7.5   0.020   0.202   0.063   
P7.5     0.076     0.067   
I5               
J5               
K5               
L5               
M5           0.168 0.218 
N5 0.056 0.137 0.330 0.155 0.536 0.389   
O5 0.055 0.031       0.080 0.116 
P5     0.060     0.093 0.168 
Q10               
T10               
Q5               
T5               
R10               
S10               
U10               
R5               
S5               
U5               
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Cont’d 2.8 L/min – 30 min/3 hr  Sample ID 
 10/19/01 11/5/01 11/19/01 12/3/01 1/8/02 1/21/02 2/4/02 
B. Cumbest 0.082 0.052 0.023 0.048 0.030   0.075 
Influent Filt. 16.779 17.669 15.562 41.098 15.161 12.253 1.982 
Influent Unfilt. 18.954 20.279 19.241 43.425 18.778 13.871 2.297 
A10   3.517   3.441 12.372   9.709 
B10     1.161     9.572   
C10   9.712   8.677 13.221   8.953 
D10     8.599     5.804   
E7.5   0.825   0.531 0.486   1.26 
F7.5     0.704     1.374   
G7.5   1.352   6.304 2.293   2.195 
H7.5     0.971     0.928   
A7.5   0.536   0.660 0.393   0.436 
B7.5     0.720     4.133   
C7.5   2.796   1.871 1.217   1.426 
D7.5     0.317     0.425   
I10   0.008   0.091 0.347   0.436 
J10     2.336     1.998   
K10   0.111   0.984 0.610   2.035 
L10     0.399     0.689   
M7.5   0.220   0.144 0.322   0.363 
N7.5     0.282     0.626   
O7.5   0.387   0.232     0.293 
P7.5     0.402     0.558   
I5   0.377   0.108 0.317   0.228 
J5     0.511     0.648   
K5   0.553   0.538 0.549   0.565 
L5     0.210     0.253   
M5   0.424   0.251 0.339   0.343 
N5     0.465     1.24   
O5   0.443   0.401 0.460   0.470 
P5     0.509     0.510   
Q10   0.017         0.039 
T10   0.204       0.072 0.053 
Q5   0.207         0.039 
T5   0.357       0.181 0.184 
R10     0.008 0.048   0.053   
S10       0.011 0.009   0.027 
U10     -0.008       0.039 
R5     0.053 0.075   0.063   
S5       0.050       
U5     0.088       0.110 
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Synthetic Wastewater Study 2.8 L/min – 15 min/hr Sample ID 
  2/28/02 3/5/02 3/18/02 4/2/02 4/15/02 4/29/02 5/22/02 
B. Cumbest   0.043 0.048 0.074 0.035 0.032 0.025 
Influent Filt. 19.746 17.580 19.589 16.602 15.381 23.827 22.690 
Influent Unfilt. 23.129 18.578 27.555 18.660 16.680 21.959 19.929 
A10   8.326   6.367   5.373   
B10     3.642   4.605     
C10   4.471   6.943   9.234   
D10     4.549   10.939     
E7.5   0.430   0.376   0.529   
F7.5     1.154   1.083   7.629 
G7.5   1.866   1.454   1.204   
H7.5     0.717   0.479   0.523 
A7.5   1.28   0.288   3.085   
B7.5     4.128   4.213     
C7.5   1.345   1.385   1.814   
D7.5     0.869   3.556     
I10   2.060   3.545   4.083   
J10     7.764   9.541     
K10   10.135   3.534   8.046   
L10     5.847   7.909     
M7.5   0.392   0.380   0.389   
N7.5     3.317   5.209   1.035 
O7.5   0.268   1.051   0.739   
P7.5     0.468   0.427   0.544 
I5   0.254   0.872   0.434   
J5     0.655   0.658     
K5       0.442   0.548   
L5     0.390   2.486     
M5   0.393   0.373   0.415   
N5     2.036   4.141   1.128 
O5   0.398   0.353   0.567   
P5     0.502   0.532   0.524 
Q10   0.035 0.059 0.037 0.080 0.090   
T10   0.048 0.038 0.041 0.002 0.019   
Q5   0.042 0.032 0.057 0.048 0.067   
T5   0.146 0.149 0.146 0.132 0.142   
R10     0.059   0.038   0.103 
S10   0.017 0.035 0.014 0.022 0.028   
U10   0.040   0.195   0.080   
R5     0.079   0.061   0.600 
S5   0.045 0.051 0.051 0.067 0.067   
U5   0.060   0.080   0.135   
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 Cont’d Sample ID 
  6/3/2002 
B. Cumbest 0.117 
Influent Filt. 17.655 
Influent Unfilt.   
A10 8.404 
B10   
C10 10.548 
D10   
E7.5   
F7.5   
G7.5   
H7.5   
A7.5 0.290 
B7.5   
C7.5 0.823 
D7.5   
I10   
J10   
K10   
L10   
M7.5   
N7.5   
O7.5 0.470 
P7.5   
I5   
J5   
K5   
L5   
M5   
N5   
O5 0.425 
P5   
Q10   
T10   
Q5   
T5   
R10   
S10   
U10   
R5   
S5   
U5   
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Orthophosphate, mg-P/L 
Coordinates (m)   Sample ID 
x y z 
Vector 
Distance (m)  Mean Std. Dev. Count 
Background      0.02 0.03 13 
Filt. Inf      15.12 5.61 15 
Influent         13.52 6.85 17 
A10 0.0 1.2 0.8 1.44 5.65 2.81 12 
B10 1.2 0.0 0.8 1.44 5.50 3.75 5 
C10 0.0 -1.2 0.8 1.44 6.70 2.33 12 
D10 -1.2 0.0 0.8 1.44 6.62 3.18 7 
E7.5 0.6 0.6 1.5 1.75 0.28 0.18 9 
F7.5 0.6 -0.6 1.5 1.75 0.56 0.46 7 
G7.5 -0.6 -0.6 1.5 1.75 1.40 0.84 11 
H7.5 -0.6 0.6 1.5 1.75 0.44 0.38 7 
A7.5 0.0 1.2 1.5 1.95 0.26 0.11 10 
B7.5 1.2 0.0 1.5 1.95 3.23 1.37 5 
C7.5 0.0 -1.2 1.5 1.95 1.33 0.90 12 
D7.5 -1.2 0.0 1.5 1.95 1.34 1.19 5 
I10 0.0 2.4 0.8 2.55 1.16 1.63 9 
J10 2.4 0.0 0.8 2.55 1.55 2.75 7 
K10 0.0 -2.4 0.8 2.55 2.61 3.43 9 
L10 -2.4 0.0 0.8 2.55 1.36 2.25 8 
M7.5 1.8 1.8 1.5 3.00 0.29 0.07 6 
N7.5 1.8 -1.8 1.5 3.00 1.35 1.71 8 
O7.5 -1.8 -1.8 1.5 3.00 0.33 0.31 9 
P7.5 -1.8 1.8 1.5 3.00 0.33 0.19 6 
I5 0.0 2.4 2.3 3.34 0.31 0.24 6 
J5 2.4 0.0 2.3 3.34 0.50 0.11 3 
K5 0.0 -2.4 2.3 3.34 0.44 0.12 6 
L5 -2.4 0.0 2.3 3.34 0.64 0.78 3 
M5 1.8 1.8 2.3 3.45 0.26 0.08 9 
N5 1.8 -1.8 2.3 3.45 1.07 1.12 9 
O5 -1.8 -1.8 2.3 3.45 0.21 0.14 11 
P5 -1.8 1.8 2.3 3.45 0.33 0.20 7 
Q10 6.1 0.0 0.8 6.14 0.02 0.02 5 
T10 0.0 -6.1 0.8 6.14 0.01 0.01 6 
Q5 6.1 0.0 2.3 6.51 0.02 0.01 5 
T5 0.0 -6.1 2.3 6.51 0.13 0.02 6 
R10 4.9 4.9 0.8 6.94 0.04 0.03 5 
S10 -4.9 -4.9 0.8 6.94 0.01 0.01 6 
U10 -4.9 4.9 0.8 6.94 0.07 0.04 4 
R5 4.9 4.9 2.3 7.27 0.16 0.25 5 
S5 -4.9 -4.9 2.3 7.27 0.04 0.01 4 
U5 -4.9 4.9 2.3 7.27 0.06 0.05 4 
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Sample ID 1.9 L/min – 30 min/3 hr 5.5 L/min – 30 min/3 hr 
  6/21/01 8/7/01 8/14/01 8/23/01 9/17/01 10/3/01 10/19/01 
B. Cumbest -0.013     0.000     0.052 
Influent Filt.   2.961 3.469 5.607   6.606 16.227 
Influent Unfilt. 2.444     5.615 6.209 6.208 17.063 
A10 -0.002   4.627 5.153 5.220     
B10     6.753         
C10     6.160 6.235 4.596 5.099   
D10 0.040   7.106     6.453   
E7.5     0.034 0.077 0.075     
F7.5     0.413 0.134       
G7.5 0.068   3.018 1.769 0.767     
H7.5 0.053   0.022 0.157       
A7.5     0.069 0.116 0.153     
B7.5     3.535         
C7.5 0.073   3.372 2.597 1.403     
D7.5     2.479         
I10       0.052 0.007     
J10     0.062 0.048 0.007 0.315   
K10       0.000 0.001     
L10 -0.007     0.110 0.056 0.007   
M7.5       0.169       
N7.5     0.100 0.411 0.354     
O7.5       0.043 0.052     
P7.5       0.132 0.051     
I5               
J5               
K5               
L5               
M5       0.206 0.124 0.211   
N5 0.023   0.138 0.761 0.361     
O5 0.044     0.092 0.056 0.092   
P5       0.148 0.069 0.144   
Q10               
T10               
Q5               
T5               
R10               
S10               
U10               
R5               
S5               
U5               
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Sample ID 2.8 L/min – 30 min/3 hr   
  11/5/01 11/19/01 12/3/01 1/8/02 1/21/02 1/26/02 2/1/02 
B. Cumbest 0.039 0.003 0.018 0.004       
Influent Filt. 16.215 15.471 22.024 14.778 12.692     
Influent Unfilt. 16.979 17.700 22.740 14.261 13.178 2.538 4.420 
A10 3.730   3.242 10.106       
B10   1.562     11.329     
C10 9.781   3.115 10.552       
D10   7.661     7.035     
E7.5 0.546   0.298 1.22       
F7.5   0.318     1.394     
G7.5 0.632   1.782 2.350       
H7.5   0.838     0.973     
A7.5 0.269   0.381 0.387       
B7.5   0.808     3.761     
C7.5 0.830   0.693 1.123       
D7.5   0.355     0.410     
I10 0.005   0.091 0.331       
J10   2.139     0.731     
K10 0.057   0.653 0.618       
L10   0.446     0.400     
M7.5     0.249 0.300       
N7.5   0.379     0.592     
O7.5 0.079   0.225 0.222       
P7.5   0.414     0.443     
I5 0.112   0.091 0.311       
J5   0.488     0.403     
K5 0.258   0.499 0.533       
L5   0.181     0.195     
M5 0.208   0.234 0.304       
N5   0.431     0.434     
O5 0.139   0.300 0.414       
P5   0.490     0.426     
Q10 0.017             
T10 0.003       0.025     
Q5 0.006             
T5 0.117       0.155     
R10   0.030 0.036   0.037     
S10     0.008 0.000       
U10   0.058           
R5   0.036 0.047   0.055     
S5     0.028         
U5   0.000           
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Synthetic Wastewater Study  2.8 L/min - Sample ID 
  2/4/02 2/28/02 3/5/02 3/18/02 4/2/02 4/15/02 4/29/02 
B. Cumbest 0.008       0.024 0.005 0.099 
Influent Filt. 1.299 19.067 13.541 19.639 14.380 12.395 21.798 
Influent Unfilt. 1.323 20.404     16.005 12.643 21.386 
A10 9.420   8.541   5.857   5.249 
B10       3.501   4.342   
C10 8.253   3.943   6.357   8.796 
D10       7.545   10.487   
E7.5 0.332       0.278   0.407 
F7.5       0.181   0.992   
G7.5 0.982   1.744   1.296   1.010 
H7.5           0.464   
A7.5 0.374       0.239   0.301 
B7.5       3.993   4.046   
C7.5 1.239   1.126   1.271   1.652 
D7.5       0.672   2.782   
I10 0.400   1.838   3.504   4.178 
J10           7.549   
K10 2.075   8.582   3.440   8.022 
L10       5.743   4.112   
M7.5 0.320       0.325   0.358 
N7.5       2.884   4.959   
O7.5 0.248       0.941   0.687 
P7.5           0.370   
I5 0.199       0.736   0.387 
J5           0.614   
K5 0.540       0.319   0.476 
L5           1.533   
M5 0.315       0.306   0.388 
N5       1.802   2.885   
O5 0.422       0.218   0.294 
P5           0.441   
Q10 0.008       0.011 0.004 0.058 
T10 0.008       0.018 0.000 0.015 
Q5 0.018       0.033 0.010 0.030 
T5 0.147       0.123 0.119 0.121 
R10           0.028   
S10 0.008       0.014 0.010 0.032 
U10 0.022       0.114   0.094 
R5           0.048   
S5         0.036 0.055 0.050 
U5 0.034       0.063   0.129 
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  15 min/hr Sample ID 
 5/22/2002 6/3/2002 
B. Cumbest 0.010 0.010 
Influent Filt. 20.643  
Influent Unfilt. 18.911 17.839 
A10   6.702 
B10     
C10   7.527 
D10     
E7.5     
F7.5 0.481   
G7.5     
H7.5 0.576   
A7.5   0.291 
B7.5     
C7.5   0.545 
D7.5     
I10     
J10     
K10     
L10     
M7.5     
N7.5 1.099   
O7.5   0.493 
P7.5 0.549   
I5     
J5     
K5     
L5     
M5     
N5 2.774   
O5   0.207 
P5 0.578   
Q10     
T10     
Q5     
T5     
R10 0.093   
S10     
U10     
R5 0.596   
S5     
U5     
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Appendix G:  Moss Point In Situ Data 
(Salinity, pH, Temperature and Redox Potential) 
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Data Summary – Moss Point – Salinity, ppt 
Sample ID Coordinates (m) 
 
 
x y z 
Vector 
Distance (m) Mean Std. Dev. Count 
B. Cumbest      17.1 7.3 41 
A10 0.0 1.2 0.8 1.44 7.4 4.2 40 
B10 1.2 0.0 0.8 1.44 10.3 9.6 39 
C10 0.0 -1.2 0.8 1.44 8.1 9.2 39 
D10 -1.2 0.0 0.8 1.44 11.0 7.9 38 
E7.5 0.6 0.6 1.5 1.75 25.8 3.8 41 
F7.5 0.6 -0.6 1.5 1.75 22.9 2.9 40 
G7.5 -0.6 -0.6 1.5 1.75 19.9 5.7 39 
H7.5 -0.6 0.6 1.5 1.75 25.1 3.1 38 
A7.5 0.0 1.2 1.5 1.95 25.8 2.7 41 
B7.5 1.2 0.0 1.5 1.95 18.3 7.1 39 
C7.5 0.0 -1.2 1.5 1.95 18.9 6.5 40 
D7.5 -1.2 0.0 1.5 1.95 20.3 6.1 39 
I10 0.0 2.4 0.8 2.55 11.9 5.3 38 
J10 2.4 0.0 0.8 2.55 10.6 6.9 39 
K10 0.0 -2.4 0.8 2.55 14.4 5.3 37 
L10 -2.4 0.0 0.8 2.55 12.6 4.6 39 
M7.5 1.8 1.8 1.5 3.00 26.0 3.1 40 
N7.5 1.8 -1.8 1.5 3.00 18.8 6.7 39 
O7.5 -1.8 -1.8 1.5 3.00 22.4 6.8 39 
P7.5 -1.8 1.8 1.5 3.00 26.6 2.8 40 
I5 0.0 2.4 2.3 3.34 23.0 6.2 26 
J5 2.4 0.0 2.3 3.34 24.5 4.5 24 
K5 0.0 -2.4 2.3 3.34 25.0 5.0 24 
L5 -2.4 0.0 2.3 3.34 23.9 3.9 25 
M5 1.8 1.8 2.3 3.45 26.2 3.2 40 
N5 1.8 -1.8 2.3 3.45 19.4 6.2 39 
O5 -1.8 -1.8 2.3 3.45 23.7 5.2 41 
P5 -1.8 1.8 2.3 3.45 26.1 2.6 40 
Q10 6.1 0.0 0.8 6.14 16.1 4.4 25 
T10 0.0 -6.1 0.8 6.14 12.8 6.2 24 
Q5 6.1 0.0 2.3 6.51 28.3 3.2 24 
T5 0.0 -6.1 2.3 6.51 28.5 4.0 25 
R10 4.9 4.9 0.8 6.94 26.6 4.5 23 
S10 -4.9 -4.9 0.8 6.94 7.5 3.2 24 
U10 -4.9 4.9 0.8 6.94 20.4 3.4 22 
R5 4.9 4.9 2.3 7.27 29.3 3.4 24 
S5 -4.9 -4.9 2.3 7.27 25.0 5.1 25 
U5 -4.9 4.9 2.3 7.27 27.6 2.9 21 
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BKGD Sample ID 
3/31/01 4/20/01 5/16/01 5/23/01 6/3/01 6/5/01 6/11/01 
B. Cumbest 15 12 17 19 25 22 15 
A10 8 9 13 13 15 14  
B10 14 29 30 25 27 26  
C10 21 27 23 27 27   
D10 8 9 19 15 30   
E7.5 17 30 24 14 24 28  
F7.5 17 18 24 22 25   
G7.5 27 30 25 28 30   
H7.5 25 30 26 26 25   
A7.5 29 29 23 26 26 30  
B7.5 15 24 26 26 26   
C7.5 27 28 25 29 27   
D7.5 11 21 26 35 27   
I10 10 16 22 20 20   
J10 10 4 24 26 20   
K10 10 13 16 15 17   
L10 11 18 20 15 17   
M7.5 32 33 30 30 23   
N7.5 20 20 19 28 29   
O7.5 10 16 26 30 29   
P7.5 25 30 25 22 26   
I5               
J5               
K5               
L5               
M5 33 25 26 28 30 29  
N5 19 17 24 25 24   
O5 27 24 30 30 30 31  
P5 30 25 26 27 27   
Q10               
T10               
Q5               
T5               
R10               
S10               
U10               
R5               
S5               
U5               
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1.9 L/min – 30 min/3 hr Sample ID 
6/15/01 6/21/01 7/2/01 7/9/01 8/1/01 8/7/01 8/14/01 
B. Cumbest 10 12 14 13 12 17 6 
A10 10 15 7 10 0 4 6 
B10 26 22 5 5 5 4 7 
C10 30 25 13 8 7 5 5 
D10 30 20 7 5 7 6 7 
E7.5 25 27 25 20 24 24 26 
F7.5 25 26 25 26 21 21 21 
G7.5 25 24 25 22 5 15 10 
H7.5 20 24 25 26 23 20 21 
A7.5 25 30 25 25 20 24 25 
B7.5 25 25 22 21 10 5 6 
C7.5 27 24 25 25 5 7 5 
D7.5 27 26 26 23 20 10 17 
I10 15 20 17 15 6 6 10 
J10 21 16 20 12 6 5 10 
K10 15 13 14 15 15 14 15 
L10 15 11 15 13 12 11 10 
M7.5 27 26 20 22 25 25 25 
N7.5 30 22 24 21 16 10 5 
O7.5 26 25 25 26 17 13 12 
P7.5 30 25 25 28 25 26 26 
I5               
J5               
K5               
L5               
M5 28 25 16 27 25 24 22 
N5 26 22 21 16 15 10 10 
O5 30 24 25 26 20 15 14 
P5 29 25 25 29 26 25 25 
Q10               
T10               
Q5               
T5               
R10               
S10               
U10               
R5               
S5               
U5               
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Cont’d 5.5 L/min – 30 min/3 hr  Sample ID 
8/23/01 9/5/01 9/17/01 10/3/01 10/19/01 11/5/01 11/19/01 
B. Cumbest 12 2  22 26 29 32 
A10 10 8 4 9 4 6 7 
B10 7 17 2 7 2 5 27 
C10 5 11 7 6 2 2 7 
D10 10 18 4 5 2 3 6 
E7.5 29 26 20 24 28 27 30 
F7.5 20 25 20 23 28 24 22 
G7.5 15 17 15 19 22 22 28 
H7.5 29 25 20 21 27 26 30 
A7.5 30 27 21 25 29 27 28 
B7.5 15 7 15 15 20 27 26 
C7.5 11 15 10 20 21 19 22 
D7.5 15 16 17 19 13 19 21 
I10 15 10 5 6 14 15 15 
J10 10 5 4 14 8 27 9 
K10 18 15 12 14 8 6 20 
L10 15 18 5 14 8 15 18 
M7.5 25 28 21 25 31 28 27 
N7.5 17 7 14 20 24 25 28 
O7.5 16 17 16 25 27 27 28 
P7.5 28 28 23 22 31 28 30 
I5     15 20 31 26 29 
J5     17 15 27 26 24 
K5     14 20 31 28 31 
L5     15 20 26 26 23 
M5 28 27 22 25 30 28 27 
N5 14 13 15 15 23 27 29 
O5 16 20 20 26 29 28 29 
P5 23 21 23 25 30 28 29 
Q10     16 17 19 20 23 
T10     10 20 9 24 24 
Q5     23 25 36 28 30 
T5     25 27 36 30 31 
R10     23 25 34 32 30 
S10     6 15 8 10 13 
U10     17 15 24 17 23 
R5     25 26 37 32 31 
S5     16 22 32 31 31 
U5     25 24 34 30 31 
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2.8 L/min – 30 min/3 hr Synthetic Wastewater Study Sample ID 
12/3/01 12/16/01 1/8/02 1/21/02 2/4/02 2/18/02 3/5/02 
B. Cumbest 30 25 10 22 20 20 14 
A10 7 6 6 12 6 5 2 
B10 18   17 14 2 1 16 
C10 13 8 5 15 2 1 1 
D10 20 16 19 23 2 1 10 
E7.5 31 28 27 31 26 23 21 
F7.5 21 22 21 27 24 23 20 
G7.5 19 20 24 25 24 22 17 
H7.5 30 27 27 32 27 25 26 
A7.5 30 27 26 27 26 24 20 
B7.5 27 27 23 28 24 15 15 
C7.5 22 20 19 25 22 20 20 
D7.5 29 26 22  26 25 23 
I10 13 10 10 12 9 6 26 
J10 10 7 11 20 7 5 3 
K10 23 24 23 25 15 8 2 
L10 18 16 10 12 6 7 14 
M7.5 29 27 27 30 28 26 30 
N7.5 30 21 22  23 15 20 
O7.5 29 27 27 33 26 24 30 
P7.5 31 28 27 32 28 26 25 
I5 20 26 25 30 28 26 5 
J5 26 27 27 34 26 24 -- 
K5 32 28 27 27 27 26 25 
L5 29 27 25 25 26 26 23 
M5 25 27 27 32 27 26 25 
N5 30 27 25  22 23 20 
O5 30 28 28 30 28 25 22 
P5 30 28 27 31 28 25 27 
Q10 20 16 15 16 16 14 15 
T10 19 16 10 11 13 8 10 
Q5 31 28 27 32 29 27 30 
T5 31 28 27 33 27 26 30 
R10 32 27 28 30 27 21 30 
S10 8 8 6 3 6 5 7 
U10 15 22 21  22 21 17 
R5 26 28 28 32 29 27 33 
S5 28 28 27 24 27 26 26 
U5 30 27 27 25 27 25 27 
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Cont’d 2.8 L/min – 15 min/1 hr Sample ID 
3/18/02 4/2/02 4/15/02 4/29/02 5/22/02 6/3/02 6/17/02 
B. Cumbest 17 10 6 17 23 15 20 
A10 6 8 4 10 20 15 15 
B10 10 1 5 16 15 20 18 
C10 0 6 5 6 17 18 16 
D10 14 11 7 15 19 26 20 
E7.5 25 27 24 27 25 28 25 
F7.5 20 18 20 27 25 30 26 
G7.5 15 25 20 20 22 28   
H7.5 25 -- 25 24 23 25   
A7.5 25 28 25 27 25 25 25 
B7.5 11 15 9 20 24 26 22 
C7.5 22 22 19 21 25 26 23 
D7.5 25 20 10 12 23 26 22 
I10 13 10 6 10 15 15   
J10 10 7 3 11 15 7 12 
K10 15 16 7 8 16 16   
L10 9 14 3 15 24 20 20 
M7.5 25 22 26 26 26 26 26 
N7.5 14 15 6 20 20 21 25 
O7.5 20 10 9 22 25 38   
P7.5 27 22 23 22 26 26 25 
I5 26 20 21 23 22 22 22 
J5 26 26 21 20 25 26   
K5 23 25 15 22 25 27   
L5 27 23 15 25 25 26   
M5 30 28 24 30 28 26   
N5 20 21 3 18 22 22 22 
O5 26 22 11 22 25 27 25 
P5 25 24 25 20 25 26 25 
Q10 8 13 6 20 22 20 20 
T10 5 10 2 14 15 15 26 
Q5 27 27 23 30 28 30 25 
T5 28 30 17 30 29 30 25 
R10 20 25 17 25 26 26 22 
S10 7 5 3 10 10 11 6 
U10 23 20 21 25 25 24   
R5 30 33 27 26 27 24 38 
S5 26 24 12 21 26 29 22 
U5 26 30 25 30 26 25 23 
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Sample ID Post-Study Observations 
 
7/11/02 7/25/02 8/6/02 8/20/02 9/11/02 10/9/02 2/19/03 
B. Cumbest 40 15 10 14 4 15 21 
A10   10 14 10 9 17 6 
B10   16 11 6 5 15 10 
C10   13 18 9 5 15 6 
D10   10 10 10   14 12 
E7.5 25 22 25 24 21 21 15 
F7.5 19 21 20 21 21 20 15 
G7.5 31 18 20 15 17 14 20 
H7.5 33 21 24 24 23 20 18 
A7.5 36 21 25 25 25 21 20 
B7.5 24 23   15 10 6 13 
C7.5 32 17 18 20 20 16 19 
D7.5 31 23 12 10 10 9 11 
I10   16 15 14 15 21 13 
J10   10 10 5 6 6 5 
K10   17 10 10 7 6  
L10   20 10 10 13 15 13 
M7.5 24 24 30 24 25 20 15 
N7.5 25 20 10 15 10 9 8 
O7.5 35 23 10 14 5 7 6 
P7.5 33 24 27 25 25 22 17 
I5 35 24 29 25 25 15 15 
J5 22 21 27 20 23 20 20 
K5 34 26 17 23 21 13  
L5 31 21 11 20 13 8 15 
M5 20 24 30 26 21 23 20 
N5 25 20 10 16 12 10 19 
O5 34 21 15 15 15 14 10 
P5 35 20 25 26 25 22 19 
Q10   16 15 21 22 20  
T10   11 21 11 10 8  
Q5 33 24 31 25 20 21  
T5 29 25 27 24 25 23  
R10   24   24 19 18  
S10   6 6 6 7 9  
U10   22 29 23 25 23  
R5 27 27   27 22 19  
S5 30 25 15 20 20 20  
U5 31 24 31 23 23 21  
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pH 
Sample ID Coordinates (m)    
 x y z 
Vector 
Distance (m)  Mean Std. Dev. Count 
B. Cumbest         7.46 0.40 30 
Influent      7.80 0.53 24 
A10 0.0 1.2 0.8 1.44 6.98 0.46 31 
B10 1.2 0.0 0.8 1.44 6.99 0.44 29 
C10 0.0 -1.2 0.8 1.44 7.11 0.43 31 
D10 -1.2 0.0 0.8 1.44 6.97 0.49 29 
E7.5 0.6 0.6 1.5 1.75 6.62 0.19 31 
F7.5 0.6 -0.6 1.5 1.75 6.74 0.21 31 
G7.5 -0.6 -0.6 1.5 1.75 6.66 0.25 31 
H7.5 -0.6 0.6 1.5 1.75 6.65 0.32 30 
A7.5 0.0 1.2 1.5 1.95 6.38 0.24 31 
B7.5 1.2 0.0 1.5 1.95 6.64 0.28 31 
C7.5 0.0 -1.2 1.5 1.95 6.63 0.23 31 
D7.5 -1.2 0.0 1.5 1.95 6.83 0.38 30 
I10 0.0 2.4 0.8 2.55 6.76 0.40 31 
J10 2.4 0.0 0.8 2.55 6.80 0.41 31 
K10 0.0 -2.4 0.8 2.55 6.70 0.46 30 
L10 -2.4 0.0 0.8 2.55 6.78 0.42 21 
M7.5 1.8 1.8 1.5 3.00 6.40 0.16 31 
N7.5 1.8 -1.8 1.5 3.00 6.71 0.30 31 
O7.5 -1.8 -1.8 1.5 3.00 6.50 0.31 30 
P7.5 -1.8 1.8 1.5 3.00 6.38 0.21 31 
I5 0.0 2.4 2.3 3.34 6.49 0.14 21 
J5 2.4 0.0 2.3 3.34 6.61 0.09 19 
K5 0.0 -2.4 2.3 3.34 6.72 0.22 20 
L5 -2.4 0.0 2.3 3.34 6.51 0.13 21 
M5 1.8 1.8 2.3 3.45 6.42 0.14 31 
N5 1.8 -1.8 2.3 3.45 6.70 0.22 31 
O5 -1.8 -1.8 2.3 3.45 6.46 0.25 31 
P5 -1.8 1.8 2.3 3.45 6.38 0.24 31 
Q10 6.1 0.0 0.8 6.14 6.58 0.34 19 
T10 0.0 -6.1 0.8 6.14 6.30 0.13 19 
Q5 6.1 0.0 2.3 6.51 6.41 0.20 19 
T5 0.0 -6.1 2.3 6.51 6.26 0.13 19 
R10 4.9 4.9 0.8 6.94 6.49 0.16 19 
S10 -4.9 -4.9 0.8 6.94 6.16 0.17 19 
U10 -4.9 4.9 0.8 6.94 6.64 0.13 18 
R5 4.9 4.9 2.3 7.27 6.53 0.15 19 
S5 -4.9 -4.9 2.3 7.27 6.40 0.12 19 
U5 -4.9 4.9 2.3 7.27 6.40 0.15 19 
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Sample ID BKGD 1.9 L/min – 30 min/3 hr 
 
5/16/01 5/23/01 6/3/01 6/15/01 6/21/01 7/2/01 7/9/01 
B. Cumbest 7.61 7.80 7.86 6.82 7.63 7.30 7.44 
Influent       7.72 7.69 7.53   
A10 6.02 7.39 6.12 6.11 6.00 6.70 6.96 
B10 6.39 6.32 6.27 6.31 6.28 7.07 7.34 
C10 6.41 6.37 6.37 6.34 6.40 6.71 6.96 
D10 6.14 6.18 5.97 6.07 6.32 7.10 7.58 
E7.5 6.59 6.61 6.47 6.33 6.31 6.60 6.76 
F7.5 6.54 6.94 6.65 6.50 6.52 6.38 6.47 
G7.5 6.37 6.32 6.29 6.35 6.43 6.26 6.26 
H7.5 6.22 6.21 6.37 6.33 6.40 6.21 6.39 
A7.5 6.02 6.19 6.06 6.12 6.12 6.11 6.12 
B7.5 6.36 6.32 6.20 6.28 6.32 6.21 6.44 
C7.5 6.40 6.30 6.30 6.35 6.40 6.29 6.32 
D7.5 6.99 6.87 6.18 6.15 6.19 6.12 6.42 
I10 6.37 6.34 6.21 6.17 6.26 6.12 6.13 
J10 6.27 6.49 6.17 6.47 6.27 6.10 6.16 
K10 6.20 6.24 6.16 6.31 6.38 6.15 6.21 
L10               
M7.5 6.29 6.31 6.39 6.27 6.21 6.13 6.15 
N7.5 6.36 6.41 6.40 6.45 6.42 6.35 6.43 
O7.5 6.29 6.30 6.15 6.16 6.20 6.06 6.09 
P7.5 6.12 6.50 6.10 6.10 6.16 6.09 6.25 
I5               
J5               
K5               
L5               
M5 6.32 6.30 6.36 6.32 6.29 6.22 6.20 
N5 6.51 6.45 6.53 6.53 6.45 6.46 6.43 
O5 6.30 6.26 6.16 6.13 6.23 6.09 6.11 
P5 6.16 5.99 6.09 6.08 6.14 6.02 6.12 
Q10               
T10               
Q5               
T5               
R10               
S10               
U10               
R5               
S5               
U5               
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Sample ID Cont’d 5.5 L/min 
 
 8/14/01 8/23/01 9/5/01 10/3/01 10/18/01 11/5/01 11/19/01 
B. Cumbest 6.66 7.03 6.57 7.70 7.51 7.51 7.45 
Influent   7.21 7.88 8.19 8.12   8.62 
A10 7.12 7.17 7.33 7.20 7.24 7.03 6.98 
B10 7.09 7.38 6.74 7.66 7.69 7.28 6.59 
C10 7.18 7.20 7.34 7.40 7.63 7.48 7.27 
D10 7.25 7.11 6.70 7.44 7.71 7.37 7.37 
E7.5 6.17 6.45 6.60 6.64 6.82 6.70 6.55 
F7.5 6.49 6.77 6.49 6.81 6.81 6.58 6.74 
G7.5 6.69 6.66 6.82 6.63 6.69 6.51 6.69 
H7.5 6.43 6.57 6.80 6.84 6.78 6.48 6.93 
A7.5 6.04 6.28 6.33 6.41 6.47 6.44 6.44 
B7.5 6.86 6.75 6.82 6.78 6.86 6.55 6.61 
C7.5 6.93 6.79 6.80 6.58 6.69 6.57 6.60 
D7.5 7.07 6.73 6.86 7.09 7.22 6.92 7.52 
I10 6.81 7.21 6.88 6.93 7.05 6.74 7.00 
J10 5.92 5.97 6.32 6.93 7.04 7.07 6.61 
K10 6.54 6.93 6.94 6.97 7.17 6.67 6.62 
L10       6.29 6.41 6.10 6.26 
M7.5 6.09 6.33 6.37 6.47 6.48 6.39 6.44 
N7.5 6.39 6.52 6.90 6.77 6.58 6.64 6.46 
O7.5 6.21 6.19 6.40 6.41 6.52 6.37 6.42 
P7.5 6.15 6.24 6.28 6.13 6.48 6.40 6.36 
I5       6.44 6.44 6.40 6.32 
J5       6.49 6.62 6.53 6.69 
K5       6.40 6.64 6.63 6.50 
L5       6.51 6.55 6.35 6.45 
M5 6.11 6.25 6.38 6.45 6.49 6.40 6.58 
N5 6.52 6.39 6.89 6.83 6.67 6.55 6.52 
O5 6.19 6.13 6.33 6.46 6.58 6.42 6.78 
P5 6.18 6.12 6.86 6.25 6.45 6.48 6.45 
Q10       6.29 6.41 6.10 6.26 
T10       6.17 6.31 6.21 6.25 
Q5       6.23 6.31 6.24 6.30 
T5       6.05 6.10 6.17 6.22 
R10       6.32 6.50 6.22 6.52 
S10       6.16 6.32 6.00 6.07 
U10       6.63 6.67 6.54 6.60 
R5       6.39 6.48 6.25 6.52 
S5       6.36 6.53 6.27 6.46 
U5       6.32 6.42 6.05 6.38 
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Sample ID 2.8 L/min – 30 min/3 hr Synthetic Wastewater Study 
 12/3/01 12/16/01 1/8/02 1/21/02 2/4/02 2/18/02 3/5/02 
B. Cumbest 7.22 7.16 7.69 7.87 8.22 8.18 7.30 
Influent 7.91 7.74 9.19 8.24 8.23 7.80 7.37 
A10 7.18 7.35 7.50 7.30 7.43 7.41 7.36 
B10 7.06   7.19 7.32 7.65 7.28 6.97 
C10 7.22 7.40 7.73 7.30 7.62 7.38 7.64 
D10 6.87 7.02 7.13 7.17 7.57 6.98   
E7.5 6.46 6.68 6.67 6.94 6.60 6.78 6.95 
F7.5 6.82 6.88 7.00 6.69 6.72 7.08 7.04 
G7.5 6.97 6.79 6.96 6.91 6.82 6.86 7.22 
H7.5 6.55 6.72 7.03 6.76 6.69 7.28 7.38 
A7.5 6.38 6.95 6.61 6.60 6.49 6.65 6.84 
B7.5 6.64 6.64 6.33 6.71 6.66 7.12 6.98 
C7.5 6.70 6.80 6.90 6.49 6.65 6.84 7.10 
D7.5 7.02 7.00 7.25   6.52 6.74 7.21 
I10 6.80 7.10 6.73 6.80 7.21 7.71 7.23 
J10 6.64 6.66 6.80 6.75 6.98 7.44 7.57 
K10 6.63 6.76 7.08 7.14 7.21 7.42 7.37 
L10 6.20 6.28 6.40 6.44 6.48 6.75 6.96 
M7.5 6.39 6.55 6.67 6.51 6.38 6.61 6.78 
N7.5 6.62 6.80 7.11 6.81 6.75 7.11 7.28 
O7.5 6.43 6.56 6.69 6.61 6.58 6.70 6.96 
P7.5 6.36 6.54 6.63 6.52 6.43 6.69 6.86 
I5 6.55 6.41 6.67 6.43 6.38 6.75 6.76 
J5 6.59 6.54 6.73 6.52 6.60 6.81   
K5 6.56 6.59 7.19 6.81 6.63 6.95 7.19 
L5 6.36 6.44 6.59 6.55 6.42 6.54 6.83 
M5 6.63 6.50 6.62 6.54 6.42 6.58 6.68 
N5 6.61 6.66 6.91 6.80 6.87 6.85 7.16 
O5 6.44 6.53 6.70 6.65 6.52 6.67 6.85 
P5 6.41 6.43 6.67 6.53 6.47 6.59 6.78 
Q10 6.20 6.28 6.40 6.44 6.48 6.75 6.96 
T10 6.21 6.32 6.45 6.26 6.19 6.12 6.58 
Q5 6.29 6.38 6.47 6.50 6.29 6.96 6.73 
T5 6.24 6.31 6.44 6.41 6.27 6.25 6.58 
R10 6.52 6.57 6.67 6.60 6.50 6.52 6.89 
S10 5.97 6.16 6.23 6.18 6.15 5.84 6.50 
U10 6.64 6.60 6.82   6.61 6.63 6.92 
R5 6.40 6.56 6.74 6.63 6.49 6.69 6.88 
S5 6.35 6.46 6.50 6.40 6.35 6.23 6.66 
U5 6.40 6.41 6.57 6.47 6.36 6.46 6.74 
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Sample ID Cont’d 2.8 L/min- 15 min/1 hr 
   
  3/18/02 4/2/02 4/15/02 4/29/02 5/22/02 7/11/02  7/25/02 
B. Cumbest 7.64 7.35 7.39 7.38 7.55  7.70 6.92  
Influent 7.23 7.14 7.49 7.03 7.75 7.40   7.66 
A10 7.04 7.30 6.50 6.91 6.89   7.14 
B10 6.98 7.10 7.10 6.86 6.89   7.20 
C10 7.20 7.32 7.02 7.08 7.00   7.16 
D10 7.02 7.22 7.10 6.97 6.98   7.17 
E7.5 6.60 6.91 6.70 6.61 6.65 6.31 6.63 
F7.5 6.64 6.84 7.11 6.72 7.04 6.54 6.61 
G7.5 6.65 6.82 6.82 6.60 6.76 6.45 6.73 
H7.5 6.53   6.93 6.52 7.01 6.32 6.69 
A7.5 6.43 6.54 6.48 6.37 6.48 6.30 6.41 
B7.5 6.71 7.05 7.18 6.72 6.62 6.45 6.52 
C7.5 6.62 6.86 6.90 6.65 6.55 6.26 6.47 
D7.5 6.66 7.09 7.08 7.04 6.74 6.47 6.68 
I10 7.19 7.20 6.82 6.98 6.75   6.93 
J10 6.96 7.08 7.21 7.13 7.19   6.89 
K10 7.21 7.16 7.31 6.89 6.51   6.55 
L10 6.84 7.00 7.26 6.78 6.78   6.73 
M7.5 6.46 6.49 6.42 6.37 6.56 6.10 6.37 
N7.5 6.97 7.23 7.24 6.68 6.76 6.70 6.71 
O7.5 6.88 7.18 7.18 6.64 6.70 6.35 6.42 
P7.5 6.44 6.58 6.57 6.43 6.54 6.38 6.40 
I5 6.39 6.59 6.42 6.40 6.52 6.31 6.41 
J5 6.63 6.72 6.51 6.57 6.63 6.34 6.55 
K5 6.61 6.62 6.79 6.67 6.78 6.41 6.44 
L5 6.44 6.52 6.75 6.34 6.53 6.20 6.32 
M5 6.40 6.54 6.47 6.39 6.47 6.28 6.31 
N5 6.84 6.92 7.11 6.99 6.80 6.50 6.48 
O5 6.47 6.69 6.99 6.63 6.71 6.36 6.39 
P5 6.44 6.59 6.54 6.40 6.51 6.31 6.39 
Q10 6.84 7.00 7.26 6.78 6.78   6.73 
T10 6.28 6.56 6.23 6.36 6.31   6.32 
Q5 6.24 6.42 6.57 6.32 6.37 6.20 6.37 
T5 6.18 6.32 6.24 6.18 6.27 6.59 6.31 
R10 6.35 6.44 6.44 6.33 6.46   6.54 
S10 6.38 6.18 6.30 5.94 6.24   6.11 
U10 6.61 6.50 6.53 6.48 6.85   6.75 
R5 6.51 6.57 6.58 6.38 6.44 6.35 6.64 
S5 6.21 6.49 6.39 6.28 6.43 6.32 6.14 
U5 6.28 6.34 6.36 6.34 6.57 6.47 6.33 
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Sample ID Post-Study Observations 
   8/6/02 8/20/02 9/11/02 10/9/02 10/30/02 2/19/03 
B. Cumbest  6.22 7.36 7.11  8.10 7.05 
Influent  7.35 7.76 8.05  8.33 7.80 
A10 6.97 7.22 7.29 7.25 7.37 7.08 
B10 7.08 7.48 7.43 7.27 7.58 6.33 
C10 6.91 7.30 7.11 7.26 7.33 6.24 
D10 7.08 7.08  7.21 7.53 6.27 
E7.5 6.48 6.67 6.61 6.88 6.67 7.38 
F7.5 6.52 6.63 6.58 6.94 6.77 7.38 
G7.5 6.59 6.80 6.72 6.92 6.77 6.28 
H7.5 6.41 6.62 6.67 6.68 6.71 6.80 
A7.5 6.36 6.48 6.46 6.95 6.68 6.31 
B7.5   6.77 6.97 7.37 7.56 6.28 
C7.5 6.49 6.58 6.60 6.86 6.82 6.46 
D7.5 6.85 7.47 7.18 7.51 7.87 6.88 
I10 6.94 6.71 6.76 7.06 7.30 6.52 
J10 6.67 6.76 7.00 7.17 7.39 7.01 
K10 6.73 6.70 6.45 6.51 6.77  
L10 6.70 6.94 6.74 7.20 7.05 6.26 
M7.5 6.42 6.44 6.51 6.71 6.61 6.88 
N7.5 6.88 6.82 6.85 6.80 6.90 6.50 
O7.5 6.79 6.75 6.37 6.55  6.62 
P7.5 6.34 6.43 6.52 6.87 6.66 6.21 
I5 6.33 6.46 6.51 6.74 6.87 6.62 
J5 6.48 6.51  6.70 6.63 6.75 
K5 6.50 6.63 6.55 6.89 6.68  
L5 6.62 6.50 6.83 6.99 6.95 6.51 
M5 6.36 6.41 6.54 6.61 6.56 6.75 
N5 6.77 6.72 6.63 6.59 6.75 6.48 
O5 6.56 6.67 6.56 6.59 6.50 6.60 
P5 6.29 6.48 6.53 6.53 6.58 6.66 
Q10 6.70 6.64 6.40 6.44   
T10 6.23 6.51 6.70 6.72   
Q5 6.35 6.38 6.50 6.53   
T5 6.28 6.25 6.30 6.32   
R10   6.64 6.65 6.63   
S10 6.24 6.65 6.59 6.61   
U10 6.69 6.65 6.75 6.72   
R5   6.56 6.60 6.54   
S5 6.42 6.59 6.53 6.59   
U5 6.45 6.50 6.40 6.45   
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Temperature, ºC 
Sample ID Coordinates (m)  
  x y z 
Vector 
Distance (m)  Mean Std. Dev. Count 
B. Cumbest      25.4 6.7 35 
Influent      23.3 6.0 27 
A10 0.0 1.2 0.8 1.44 22.0 3.0 34 
B10 1.2 0.0 0.8 1.44 22.1 3.4 32 
C10 0.0 -1.2 0.8 1.44 22.1 3.0 34 
D10 -1.2 0.0 0.8 1.44 21.9 3.1 33 
E7.5 0.6 0.6 1.5 1.75 22.8 3.8 34 
F7.5 0.6 -0.6 1.5 1.75 22.5 4.0 34 
G7.5 -0.6 -0.6 1.5 1.75 22.5 3.5 35 
H7.5 -0.6 0.6 1.5 1.75 22.6 3.9 34 
A7.5 0.0 1.2 1.5 1.95 22.4 3.7 35 
B7.5 1.2 0.0 1.5 1.95 22.2 3.6 34 
C7.5 0.0 -1.2 1.5 1.95 22.5 3.5 34 
D7.5 -1.2 0.0 1.5 1.95 22.8 3.7 34 
I10 0.0 2.4 0.8 2.55 21.8 3.0 33 
J10 2.4 0.0 0.8 2.55 22.1 2.9 32 
K10 0.0 -2.4 0.8 2.55 22.3 2.9 32 
L10 -2.4 0.0 0.8 2.55 21.9 2.9 33 
M7.5 1.8 1.8 1.5 3.00 22.0 3.3 34 
N7.5 1.8 -1.8 1.5 3.00 22.7 3.5 34 
O7.5 -1.8 -1.8 1.5 3.00 22.2 3.4 33 
P7.5 -1.8 1.8 1.5 3.00 22.1 3.4 35 
I5 0.0 2.4 2.3 3.34 20.9 3.8 23 
J5 2.4 0.0 2.3 3.34 21.9 4.2 23 
K5 0.0 -2.4 2.3 3.34 22.1 4.3 23 
L5 -2.4 0.0 2.3 3.34 21.7 4.2 24 
M5 1.8 1.8 2.3 3.45 22.3 3.9 34 
N5 1.8 -1.8 2.3 3.45 22.8 3.8 34 
O5 -1.8 -1.8 2.3 3.45 22.3 3.7 34 
P5 -1.8 1.8 2.3 3.45 22.2 3.6 35 
Q10 6.1 0.0 0.8 6.14 21.7 3.0 22 
T10 0.0 -6.1 0.8 6.14 21.9 3.2 22 
Q5 6.1 0.0 2.3 6.51 21.7 4.0 23 
T5 0.0 -6.1 2.3 6.51 21.5 4.1 23 
R10 4.9 4.9 0.8 6.94 22.7 4.9 21 
S10 -4.9 -4.9 0.8 6.94 21.9 3.3 22 
U10 -4.9 4.9 0.8 6.94 22.6 5.8 20 
R5 4.9 4.9 2.3 7.27 21.7 3.8 22 
S5 -4.9 -4.9 2.3 7.27 21.5 4.5 23 
U5 -4.9 4.9 2.3 7.27 21.4 3.8 21 
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Sample ID BKGD 1.9 L/min – 30 min/3 hr 
  
5/16/01 5/23/01 6/3/01 6/11/01 6/15/01 6/21/01 7/2/01 
B. Cumbest 30.7 27.7 33.1 26 23.8 32.3 24.4 
Filt. Inf     27.7  27 
A10 21.5 21.9 22.1  22.9 24.7 22.8 
B10 21.3 21.8 21.5  23 24.4 23.2 
C10 22.4 21.1 21.3  22.8 23.4 22.9 
D10 22.2 20.9 21.3  22.7 22.4 22.8 
E7.5 22.8 22.7 23  25.8 25.6 24.3 
F7.5 22.7 22 22.1  24 25.5 23.8 
G7.5 22.1 21.6 21.9  23.7 23.2 23.8 
H7.5 22.2 21.6 22.1  23.9 23 24.8 
A7.5 22.8 22.7 24.5  23.8 24.2 23.8 
B7.5 21.7 21.5 22  23.3 24 23.7 
C7.5 23.3 22.7 21.9  23.6 23.4 23.5 
D7.5 23.8 22.1 22.1  24 22.8 23.3 
I10 21.9 21.5 20.9  22.7 23.8 22.3 
J10 21.5 21 21.3  22.8 23.8 23 
K10 22.2 20.9 21  23.2 23.3 23.1 
L10 21.9 20.8 20.9  22.5 21.8 23 
M7.5 21.8 21.3 21.5  23.3 24.6 23.6 
N7.5 22.1 22.4 22.2  23.4 24.5 23.6 
O7.5 21.8 21 21.9  22.8 22.2 23.1 
P7.5 21.3 21.4 21.8  23.2 22.3 23.1 
I5        
J5        
K5        
L5        
M5 22.1 22.4 22.3  24.1 25.2 24.2 
N5 23.2 23.1 22.9  24.2 25.1 24.6 
O5 22.2 21.5 22.1  23.6 23.1 23.9 
P5 22.1 22.3 21.8  24 22.9 23.9 
Q10        
T10        
Q5        
T5        
R10        
S10        
U10        
R5        
S5        
U5        
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Cont’d 5.5 L/min  Sample ID 
  7/9/01 8/14/01 8/23/01 9/5/01 10/3/01 10/18/01 11/5/01 
B. Cumbest 34.2 30.4 32.7 29.6 26.3 24.0 23.6 
Influent   26.6 27.6 21.3 16.7  
A10 23.7 24.1 24.1 24.4 24.0 21.2 22.0 
B10 24.7 26.0 24.6 24.8 24.5 21.8 22.5 
C10 24.3 24.8 24.5 25.1 24.0 22.9 22.4 
D10 24.5 24.2 24.5 24.6 23.9 22.0 22.4 
E7.5 26.2 25.8 25.9 26.4 24.6 22.3 21.8 
F7.5 25.2 25.5 25.9 25.5 25.0 21.6 21.8 
G7.5 24.8 25.4 25.5 26.6 24.6 23.5 22.5 
H7.5 26.2 26.0 25.8 26.3 24.5 21.3 22.0 
A7.5 25.0 25.2 25.0 25.7 24.5 22.1 20.9 
B7.5 24.6 25.6 24.9 25.8 24.7 22.5 21.4 
C7.5 25.0 25.5 25.7 25.9 24.8 23.2 22.4 
D7.5 24.6 25.0 25.5 26.2 24.2 21.5 21.5 
I10 23.6 24.7 23.9 25.2 24.6 22.3 21.2 
J10 24.2 24.8 24.6 25.3 23.9 23.0 22.1 
K10 24.2 24.9 24.5 24.9 24.1 23.0 23.2 
L10 23.9 24.5 24.2 24.5 23.6 21.3 23.3 
M7.5 25.2 24.8 24.7 25.4 24.3 22.6 21.5 
N7.5 25.2 24.6 25.3 26.9 25.0 21.3 23.4 
O7.5 24.5 24.8 25.8 26.3 24.6 22.7 22.0 
P7.5 24.5 24.8 24.6 25.7 23.8 21.6 21.4 
I5     24.7 22.0 20.5 
J5     24.7 23.1 21.5 
K5     24.8 22.5 21.8 
L5     24.3 22.7 22.5 
M5 25.1 25.2 25.5 25.6 24.3 23.4 21.1 
N5 25.7 25.2 26.3 27.2 24.7 22.1 25.2 
O5 25.2 24.9 25.2 26.0 24.3 22.4 22.0 
P5 24.9 25.4 25.1 26.2 24.4 22.0 21.1 
Q10     24.7 23.0 25.9 
T10     24.1 23.1 23.4 
Q5     24.0 22.9 22.6 
T5     24.0 23.0 25.5 
R10     24.4 23.5 39.9 
S10     23.6 22.9 25.9 
U10     23.9 22.4 43.0 
R5     24.1 23.2 22.6 
S5     23.8 22.6 24.9 
U5     24.4 22.8 23.0 
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Sample ID 2.8 L/min – 30 min/3 hr Synthetic - 
  11/19/01 12/3/01 12/16/01 1/8/02 1/21/02 2/4/02 2/18/02 
B. Cumbest 21.0 19.4 21.9 9.2 19.4 14.5 16.6 
Influent 18.3 20.0 20.4 8.9 27.7 16.5 14.7 
A10 21.9 22.1 21.1 17.5 19.4 17.0 17.0 
B10 22.3 20.9  17.6 19.3 17.2 16.5 
C10 22.2 21.4 22.0 18.0 19.2 16.1 16.8 
D10 22.2 21.7 21.9 14.7 19.0 17.0 16.3 
E7.5 22.0 20.4 22.7 16.0 18.5 16.4 16.9 
F7.5 21.5 20.3 21.7 15.6 18.0 16.6 16.7 
G7.5 21.7 20.9 22.9 16.6 18.2 16.8 16.3 
H7.5 21.9 19.9 21.1 14.6 18.2 15.7 17.5 
A7.5 21.6 20.8 21.1 16.5 18.3 16.9 16.4 
B7.5 22.1 20.8 21.6 17.1 19.1 16.6 16.6 
C7.5 22.0 21.1 21.6 16.3 17.9 15.9 16.6 
D7.5 22.7 21.3 21.8 17.2  16.4 16.5 
I10 22.5 21.5 21.8 16.8 19.0 17.2 17.3 
J10 22.7 20.3 23.2 17.8 19.3 18.1 17.8 
K10 22.3 22.1 22.0 17.8 19.6 17.4 17.7 
L10 22.2 21.6 22.0 18.0 19.3 17.1 17.8 
M7.5 21.7 20.8 23.4 16.2 18.3 17.2 17.0 
N7.5 21.3 21.9 22.1 16.8 18.5 16.5 17.3 
O7.5 22.0 21.3 21.5 16.4 19.0 17.0 17.1 
P7.5 21.8 21.1 21.4 17.0 18.5 17.0 16.9 
I5 21.3 19.7 20.9 14.5 17.9 16.3 16.5 
J5 21.0 19.6 21.5 15.3 17.5 16.8 16.6 
K5 21.5 21.4 21.4 15.1 17.6 16.6 16.3 
L5 21.0 20.9 21.3 16.0 17.0 16.7 16.2 
M5 22.6 20.0 21.5 14.8 17.7 16.5 15.8 
N5 21.7 21.3 21.5 15.5 17.5 16.5 16.7 
O5 21.5 20.9 20.9 15.1 19.0 16.6 16.4 
P5 20.8 20.4 21.2 15.6 18.1 16.7 16.1 
Q10 22.2 21.5 21.6 19.3 19.9 17.9 18.1 
T10 22.0 21.3 21.6 19.1 19.9 17.5 17.2 
Q5 21.5 20.7 20.9 16.7 18.4 16.7 16.3 
T5 21.0 20.0 20.7 16.1 17.6 16.4 15.7 
R10 23.1 20.7 22.1 18.3 20.2 18.6 18.1 
S10 22.0 21.5 21.8 18.8 20.3 17.2 17.6 
U10 22.3 21.0 21.6 17.5  16.9 17.8 
R5 21.5 21.9 20.7 16.1 18.3 16.7 16.5 
S5 20.4 19.7 20.8 14.7 17.2 16.2 15.5 
U5 21.7 20.6 20.8 15.4 18.1 16.8 16.5 
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Sample ID Wastewater Study 2.8 L/min – 15 min/1 hr 
  3/5/02 3/18/02 4/2/02 4/15/02 4/29/02 5/22/02 6/3/02 
B. Cumbest 6.5 24.6 23.2 25.7 27.3 23.1 29.8 
Influent 13.7 25.4 21.5 23.2 28.5 24.0 30.2 
A10 15.3 19.3 19.0 20.0 20.8 21.9 22.2 
B10 15.5 18.4 19.0 19.3 20.6 21.1 23.6 
C10 16.8 18.7 19.5 19.7 21.3 22.0 23.8 
D10 16.3 19.2 19.5 19.7 22.3 21.8 25.1 
E7.5 15.3 18.2 19.6 20.1 22.4 22.1 24.6 
F7.5 14.2 19.0 19.2 20.0 21.5 22.8 24.0 
G7.5 15.7 19.1 19.8 19.8 22.2 22.4 23.5 
H7.5 14.8 18.3  21.1 21.1 23.3 24.9 
A7.5 15.7 18.1 18.9 19.4 20.6 22.8 22.7 
B7.5 14.3 18.5 18.8 19.5 20.9 22.0 23.6 
C7.5 15.9 18.8 19.9 19.8 21.6 22.4 23.6 
D7.5 14.5 18.5 21.5 20.5 22.7 23.2 23.9 
I10 16.8 18.1 18.7 19.6 21.5 20.6 22.5 
J10 16.6 19.4 19.4 19.9 23.0 21.3 22.3 
K10 17.5 18.5 19.3 19.4 21.3 22.4 22.0 
L10 16.6 18.7 18.7 20.1 20.5 21.3 23.2 
M7.5 15.8 18.5 18.7 19.3 20.6 21.7 22.7 
N7.5 15.9 18.8 19.5 19.5 21.9 22.5 25.4 
O7.5 16.7 18.1 18.9 20.3 21.2 22.2 23.5 
P7.5 15.8 18.2 18.9 19.8 20.6 21.7 22.9 
I5 14.7 17.8 19.4 19.4 21.4 21.4 23.2 
J5  18.6 19.0 19.4 20.4 22.5 23.8 
K5 16.8 18.1 19.4 19.8 21.2 23.0 24.9 
L5 15.5 17.8 19.7 19.3 21.3 23.0 23.1 
M5 15.1 17.9 19.2 19.3 21.2 22.4 23.2 
N5 16.1 18.1 19.3 19.9 21.8 23.3 25.5 
O5 15.2 18.0 18.9 19.6 21.5 22.5 24.0 
P5 15.6 19.1 19.3 19.1 21.1 22.0 23.1 
Q10 17.8 19.3 19.1 19.2 20.1 20.4 22.0 
T10 17.9 18.7 19.5 19.5 20.3 21.8 22.6 
Q5 15.9 18.2 18.9 19.1 20.5 21.5 23.2 
T5 15.9 17.5 18.2 19.4 20.9 22.1 23.1 
R10 18.4 20.0 19.9 20.8 21.2 20.9 23.0 
S10 17.3 18.9 18.3 19.6 25.0 21.7 23.0 
U10 17.5 19.9 18.2 19.4 20.0 22.3 22.7 
R5 17.6 17.9 19.5 19.7 20.7 22.5 23.5 
S5 14.8 17.4 18.0 19.2 23.9 23.1 23.9 
U5 16.2 18.7 18.8 19.7 21.9 23.1 24.9 
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 Post-Study Observations Sample ID 
  6/17/02 7/11/02 7/25/02 8/6/02 8/20/02 9/11/02 10/30/02 
B. Cumbest  33.7 28.2 31.7 31.9 34.1 26.6 
Influent  29.8 26.1 28.4 28.8 32.8 26.8 
A10 23.5  24.5 25.2 26.5 29.6 24.5 
B10   25.1 26.7 26.4 30.4 24.8 
C10 23.5  24.4 25.2 26.8 29.8 24.6 
D10 23.6  25.1 25.5 28.8  25.2 
E7.5  27.5 26.0 27.3 27.6 31.0 25.1 
F7.5  27.1 26.4 27.4 27.3 33.0 25.8 
G7.5 20.5 27.6 25.6 26.7 27.4 29.8 25.2 
H7.5 23.4 28.8 26.0 27.3 27.6 30.6 25.0 
A7.5 23.9 27.4 25.0 26.0 26.9 32.8 24.8 
B7.5 23.4 25.8 25.3  26.6 33.2 24.9 
C7.5  27.1 24.8 26.6 27.6 30.3 24.8 
D7.5 24.7 29.1 26.2 28.0 26.3 31.5 25.4 
I10   24.6 25.3 26.5 29.3 24.4 
J10   24.8 25.6  30.9 24.4 
K10   24.2 25.3 27.2 29.2 24.9 
L10   24.3 26.0 26.8 29.2 24.7 
M7.5 25.2 22.5 25.0  25.9 30.7 24.5 
N7.5  27.9 24.8 27.2 27.4 30.0 25.6 
O7.5  27.8 24.8 26.0 27.2 29.6  
P7.5 23.1 27.7 25.1 26.3 26.9 31.2 24.5 
I5  27.5 25.3 26.6 26.6  24.7 
J5  27.2 25.7 27.0 27.2 32.2 24.7 
K5  29.3 25.6 27.3 27.7 30.4 25.1 
L5  28.8 25.5 26.3 27.1 30.8 24.8 
M5  27.2 25.5 26.8 27.0 31.1 24.8 
N5  27.6 25.1 27.2 27.8 29.2 26.6 
O5  28.4 25.5 27.2 27.6 29.7 25.8 
P5 23.9 28.5 25.2 26.4 27.0 29.4 24.3 
Q10 21.8  23.5 25.1 24.9 29.5  
T10 25.1  24.3 26.3 26.4 29.8  
Q5 23.1 28.9 24.5 26.5 28.0 29.5  
T5 21.4 28.5 24.3 26.2 27.0 29.5  
R10 23.6  24.1  25.9 29.7  
S10 21.4  23.7 25.8 26.8 29.5  
U10   23.8 26.3 26.1 29.5  
R5 24.6 28.3 25.3  26.8 29.8  
S5 21.2 28.2 25.1 27.2 27.7 29.5  
U5  27.9 24.6 26.7 27.4   
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Sample ID 
 2/19/03 
B. Cumbest 20.3 
Influent 16.3 
A10 18.6 
B10 18.3 
C10 19.0 
D10 18.6 
E7.5 17.8 
F7.5 17.4 
G7.5 18.6 
H7.5 17.6 
A7.5 17.6 
B7.5 18.7 
C7.5 18.2 
D7.5 18.1 
I10 18.4 
J10 19.3 
K10  
L10 18.7 
M7.5 18.0 
N7.5 19.8 
O7.5 17.9 
P7.5 18.0 
I5 18.6 
J5 17.8 
K5  
L5 18.9 
M5 17.7 
N5 18.6 
O5 17.6 
P5 16.8 
Q10  
T10  
Q5  
T5  
R10  
S10  
U10  
R5  
S5  
U5  
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C
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32
34
1.44 m Vector Distance 
1.75 m Vector Distance 
1.95 m Vector Distance 
2.55 m Vector Distance 
3.00 m Vector Distance 
3.34 m Vector Distance 
3.45 m Vector Distance 
6.14 m Vector Distance 
6.51 m Vector Distance 
6.94 m Vector Distance 
7.27 m Vector Distance 
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Redox Potential, mV 
Date 
A 5 
(1.5 m) 
A 7.5 
(2.3 m) 
A 10 
(3.0 m) 
BGA 5 
(1.5 m) 
BGA 7.5 
(2.3 m) 
BGA 10 
(3.0 m) 
BGB 8.5 
(2.6 m) 
03/15/2002 -55 -140 -152 32 98   -193 
03/18/2002 -107 93 -139 149 88 183 -55 
04/02/2002 -70 -45 -125 65 -5 -39 -190 
04/15/2002 -46 -107 -173 33 -13 -43 -224 
05/22/2002 -73 -74 -125 27 -47 -18 -223 
06/03/2002 -37 -80 -153 23 -23 -57 -159 
06/1720/02 -61 -92 -172 19 -25 -68 -168 
07/11/2002 -48 -99 -138 27 -6 -72 -164 
07/25/2002 -57 -85 -130 40 -22 -40 -171 
08/06/2002 -46 -75 -136 49 -5 -50 -175 
08/20/2002 -58 -87 -149 43 -4 -45 -162 
10/09/2002 -52 -96 -137 40 -9 -54 -167 
10/30/2002 -65 -90 -144 32 -13 -63 -158 
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Appendix H:  Laboratory Studies 
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Adsorption Study – Bayou Segnette (0.6 – 2.7 m) Soil (BSM) 
 
Salinity (Crystal Sea Marinemix) - 0 ppt 
Cin  
(PO4-P, mg/L) 
Ceq  
(PO4-P, mg/L) 
Mean Ceq  
(PO4-P, mg/L) 
Std. Dev. 
(PO4-P, mg/L) 
  6/17/04 7/1/04 7/8/04     
1 0.038 0.017 0.013 0.023 0.013 
2 0.056 0.046 0.046 0.049 0.006 
3 0.071 0.054 0.091 0.072 0.019 
4 0.124 0.120 0.141 0.128 0.011 
6 0.284 0.383 0.597 0.421 0.160 
8 0.355 0.569 0.889 0.604 0.269 
10 0.743 0.947 1.218 0.969 0.239 
12 1.154 1.417 1.581 1.384 0.216 
16 2.765 4.080 3.373 3.406 0.658 
20 3.472 4.113 4.541 4.042 0.538 
  
     
Salinity (Crystal Sea Marinemix) - 5 ppt 
Cin  
(PO4-P, mg/L) 
Ceq  
(PO4-P, mg/L) 
Mean Ceq  
(PO4-P, mg/L) 
Std. Dev. 
(PO4-P, mg/L) 
  6/17/04 7/1/04 7/8/04     
1 0.013 0.021 0.021 0.019 0.005 
2 0.034 0.025 0.030 0.030 0.004 
3 0.050 0.099 0.062 0.071 0.026 
4 0.099 0.165 0.128 0.131 0.033 
6 0.256 0.375 0.362 0.331 0.066 
8 0.404 0.495 0.536 0.478 0.067 
10 0.783 1.194 1.111 1.029 0.217 
12 1.088 1.417 1.022 1.176 0.211 
16 2.058 2.601 2.930 2.530 0.440 
20 3.719 4.393 4.196 4.102 0.347 
  
          
Salinity (Crystal Sea Marinemix) - 10 ppt 
Cin  
(PO4-P, mg/L) 
Ceq  
(PO4-P, mg/L) 
Mean Ceq  
(PO4-P, mg/L) 
Std. Dev. 
(PO4-P, mg/L) 
  6/17/2004 7/1/2004 7/8/2004     
1 0.017 0.034 0.017 0.023 0.009 
2 0.062 0.062 0.025 0.050 0.021 
3 0.079 0.067 0.079 0.075 0.007 
4 0.145 0.153 0.095 0.131 0.031 
6 0.178 0.219 0.247 0.215 0.035 
8 1.004 0.939 0.799 0.914 0.105 
10 1.136 0.815 0.963 0.972 0.160 
12 1.532 1.253 1.812 1.532 0.279 
16 2.288 3.176 3.012 2.825 0.472 
20 4.902 5.429 4.475 4.935 0.478 
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Bayou Segnette (2.7 – 4.6 m) Soil (BSC) 
 
Salinity (Crystal Sea Marinemix) - 0 ppt 
Cin  
(PO4-P, mg/L) 
Ceq  
(PO4-P, mg/L) 
Mean Ceq  
(PO4-P, mg/L) 
Std. Dev. 
(PO4-P, mg/L) 
  5/27/04 6/3/04 6/10/04     
1 0.330 0.280 0.145 0.252 0.096 
2 0.408 0.362 0.223 0.331 0.096 
3 0.498 0.490 0.235 0.408 0.150 
4 0.695 0.609 0.293 0.532 0.212 
6 0.921 0.712 0.663 0.765 0.137 
8 1.300 1.476 1.021 1.266 0.229 
10 1.851 1.942 1.415 1.736 0.281 
12 2.946 2.765 2.469 2.727 0.241 
16 4.985 3.949 4.327 4.420 0.524 
20 5.922 *  7.451 6.686 1.081 
*Used 10 mg/L initial solution   
Salinity (Crystal Sea Marinemix) - 5 ppt 
Cin  
(PO4-P, mg/L) 
Ceq  
(PO4-P, mg/L) 
Mean Ceq  
(PO4-P, mg/L) 
Std. Dev. 
(PO4-P, mg/L) 
  5/27/04 6/3/04 6/10/04     
1 0.054 0.046 0.054 0.051 0.005 
2 0.083 0.042 0.071 0.065 0.021 
3 0.095 0.087 0.104 0.095 0.008 
4 0.079 0.149 0.145 0.124 0.039 
6 0.379 0.305 0.276 0.320 0.053 
8 0.774 0.561 0.536 0.624 0.131 
10 1.013 0.889 1.021 0.974 0.074 
12 1.614 1.894 1.483 1.664 0.210 
16 2.535 1.170 2.436 2.047 0.761 
20 5.215 *  4.343 4.779 0.616 
*Used 10 mg/L initial solution  
Salinity (Crystal Sea Marinemix) - 10 ppt 
Cin  
(PO4-P, mg/L) 
Ceq  
(PO4-P, mg/L) 
Mean Ceq  
(PO4-P, mg/L) 
Std. Dev. 
(PO4-P, mg/L) 
  5/27/04 6/3/04 6/10/04     
1 0.050 0.141 0.042 0.078 0.055 
2 0.079 0.075 0.071 0.075 0.004 
3 0.099 0.104 0.083 0.095 0.011 
4 0.124 0.038 0.124 0.095 0.050 
6 0.276 0.231 0.219 0.242 0.030 
8 0.684 0.437 0.552 0.558 0.123 
10 0.470 0.569 0.758 0.599 0.146 
12 2.091 0.595 1.697 1.461 0.775 
16 2.354 2.765 2.716 2.612 0.224 
20 4.820   4.902 4.861 0.058 
*Used 10 mg/L initial solution 
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Moss Point (0.15 m – 2.4 m) Soil (MPC) 
 
Salinity (Crystal sea Marinemix) - 0 ppt 
Cin  
(PO4-P, mg/L) 
Ceq  
(PO4-P, mg/L) 
Mean Ceq  
(PO4-P, mg/L) 
Std. Dev.  
(PO4-P, mg/L) 
  7/29/04 8/12/04 8/19/04     
1 0.383 0.367 0.268 0.339 0.062 
2 0.638 0.810 0.716 0.721 0.086 
3 1.102 1.098 1.291 1.164 0.110 
4 1.842 1.789 1.789 1.807 0.031 
6 2.763 2.854 2.780 2.799 0.048 
8 4.095 4.325 4.112 4.177 0.128 
10 5.739 5.511 5.379 5.543 0.182 
12 7.073 6.037 6.777 6.629 0.533 
16 9.867 9.954 9.831 9.884 0.063 
20 12.996 13.366 13.571 13.311 0.292 
  
     
Salinity (Crystal Sea Marinemix) - 5 ppt 
Cin  
(PO4-P, mg/L) 
Ceq  
(PO4-P, mg/L) 
Mean Ceq  
(PO4-P, mg/L) 
Std. Dev. 
(PO4-P, mg/L) 
  7/29/04 8/12/04 8/19/04     
1 0.219 0.219 0.202 0.213 0.009 
2 0.560 0.547 0.523 0.543 0.019 
3 1.016 0.975 0.954 0.982 0.031 
4 1.485 1.402 1.419 1.435 0.043 
6 2.508 2.542 2.427 2.492 0.059 
8 3.832 3.586 3.618 3.679 0.134 
10 5.238 5.083 5.050 5.124 0.100 
12 6.662 6.201 6.760 6.541 0.298 
16 9.736 8.927 8.351 9.005 0.696 
20 10.119 12.174 12.462 11.585 1.278 
  
          
Salinity (Crystal Sea Marinemix) - 10 ppt 
Cin  
(PO4-P, mg/L) 
Ceq  
(PO4-P, mg/L) 
Mean Ceq  
(PO4-P, mg/L) 
Std. Dev. 
(PO4-P, mg/L) 
  7/29/04 8/12/04 8/19/04     
1 0.198 0.165 0.128 0.164 0.035 
2 0.424 0.375 0.404 0.401 0.025 
3 0.860 0.930 0.991 0.927 0.066 
4 1.246 1.419 1.049 1.238 0.185 
6 2.442 2.402 2.279 2.374 0.085 
8 3.602 3.553 3.323 3.492 0.149 
10 4.720 4.475 4.623 4.606 0.123 
12 6.053 6.135 5.872 6.020 0.135 
16 9.341 8.845 8.639 8.942 0.361 
20 11.598 9.790 11.845 11.078 1.122 
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Analysis of Covariance – Adsorption Study – Freundlich Equation 
 
SAS Coding 
 
dm 'log;clear;output;clear'; 
 
options ls=120 ps=220 center date number; 
*ODS pdf file='C:\Consulting clients\derek.pdf'; 
data one; infile cards missover; 
title1 'Derek Evans laboratory work - Freundlich equation'; 
input ppt y x soil ; 
treatment = compress(trim(ppt)||trim(soil)); 
 
cards; 
; 
proc print data=one; 
run; 
 
proc mixed data=one; title2 'Full differences'; 
class soil ppt; 
 model y = x soil ppt soil*ppt soil*x ppt*x x*soil*ppt / htype=1 3 
outp=next1; 
 run; 
 
proc mixed data=one; class treatment; title2 'Full estimates'; 
 model y = treatment treatment*x / htype=1 3 solution noint clb; 
 run; 
 
 /* 
proc mixed data=one; title2 'reduced differences'; 
class soil ppt; 
 model y = x soil ppt soil*x ppt*x x*soil*ppt / htype=1 3 outp=next1; 
 run; 
 
 proc glm data=one; id ppt y x soil; 
   title2 'generalized linear model'; 
   class  soil ppt; 
   model y = x soil ppt soil*ppt soil*x ppt*x / solution ; 
  
run;*/ 
 
*ODS PDF Close; 
quit; 
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Langmuir Equation 
 
SAS Code 
 
dm 'log;clear;output;clear'; 
 
options ls=120 ps=220 center date number; 
*ODS pdf file='C:\Consulting clients\derek.pdf'; 
data one; infile cards missover; 
title1 'Derek Evans laboratory work - Langmuirequation'; 
input ppt y x soil ; 
treatment = compress(trim(ppt)||trim(soil)); 
 
cards; 
 
; 
proc print data=one; 
run; 
 
proc mixed data=one; title2 'Full differences'; 
class soil ppt; 
 model y = x soil ppt soil*ppt soil*x ppt*x x*soil*ppt / htype=1 3 
outp=next1; 
 run; 
 
proc mixed data=one; class treatment; title2 'Full estimates'; 
 model y = treatment treatment*x / htype=1 3 solution noint clb; 
 run; 
 
 /* 
proc mixed data=one; title2 'reduced differences'; 
class soil ppt; 
 model y = x soil ppt soil*x ppt*x x*soil*ppt / htype=1 3 outp=next1; 
 run; 
 
 proc glm data=one; id ppt y x soil; 
   title2 'generalized linear model'; 
   class  soil ppt; 
   model y = x soil ppt soil*ppt soil*x ppt*x / solution ; 
 
 run;*/ 
 
*ODS PDF Close; 
quit; 
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Data Summary - Cation Exchange Capacity 
NH4, mg/L  CEC, meq/100g  Soil 
Run 1a Run 2b Run 3b  Run 1 Run 2 Run 3 
Mean CEC, meq/100 g 
BSM 238 350 373  42.5 56.3 59.9 52.9 
BSC 98.4 154 145  17.6 24.8 23.4 21.9 
MPC 39.2 79.8 77.8  7.0 12.8 12.5 10.8 
abrought up to 250 mL 
bbrought up to 225 mL 
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Vita 
Derek Andrew Evans was born on April 8, 1975, in Eunice, Louisiana.  He grew up in 
Tonkawa, Oklahoma, where he graduated from Tonkawa High School in May 1993.  Following 
high school, he attended East Central Oklahoma State University in Ada, Oklahoma, where he 
earned a Bachelor of Science in Environmental Health Science in December 1997.  Derek worked 
in the environmental field until August 2003 at which time he became a full time graduate student 
in the Department of Civil and Environmental Engineering.  Presently, he is a candidate for the 
degree of Master of Science in Civil Engineering.   
